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Introduction 

The  purpose  of  this  project  is  to  determine  the  mechanism  for  how  the  tumor  suppressor,  p53, 
suppresses  homologous  recombination.  P53  is  implicated  in  50%  of  all  human  cancers  and 
inactivated  in  some  form  in  100%  of  human  cancers.  Homologous  recombination  (HR)  is  an  error 
proof  repair  mechanism  that  is  able  to  repair  any  type  of  DNA  lesion  with  high  fidelity.  However,  when 
the  HR  machinery  uses  an  incorrect  template  for  repair  large  deletions  in  the  genome  can  occur 
leading  to  a  predisposition  for  cancer.  P53  has  been  implicated  in  suppressing  homologous 
recombination  in  order  to  maintain  genomic  stability,  however  the  mechanism  is  still  unknown.  In  the 
first  year  of  this  grant  huge  strides  have  been  made  in  the  numbers  of  mice  breed  and  relevant  cells 
collected  for  the  purposes  of  experiments  outlined  in  the  aims  below.  The  PI  has  optimized  the  pun 
assay  and  RAD51  foci  experiments  in  order  to  start  collecting  data  during  the  second  year  of  the 
grant  period.  The  first  year  accomplishments  include  a  second  author  publication  regarding  the  Pi’s 
work  in  mastering  the  pun  assay  and  RAD51  foci  experiments  using  a  different  mouse  in  the  lab.  This 
expertise  will  help  the  PI  publish  work  for  the  aims  outlined  below.  The  PI  has  also  attended  several 
conferences,  presented  posters,  and  has  had  several  committee  meetings  to  evaluate  the  work 
progress. 
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P53  is  a  potent  tumor  suppressor  that  shields  the  genome  from  daily  interrogations  of 
endogenous  and  exogenous  damage,  most  importantly  through  its  ability  to  arrest  the  cell  cycle.  In 
response  to  damage,  p53  up  regulates  transcription  of  p21  leading  to  G1  arrest,  which  allows 
adequate  time  for  repair  of  lesions  before  entering  S  phase  (1 , 2).  Furthermore,  p53  has  been  linked 
to  G2/M  arrest  through  multiple  overlapping  p53-dependent  and  p53-independent  pathways  that 
inhibit  cdc2  (3).  As  a  final  resort  if  the  damage  is  severe  enough  p53  has  been  shown  to  induce 
apoptosis  in  certain  situations  (2,  4). 

P53  has  also  been  linked  to  various  DNA  repair  pathways  such  as  non-homologous  end 
joining  (NHEJ)  and  homologous  recombination  (HR).  Homologous  recombination  is  a  high  fidelity 
DNA  repair  mechanism  that  can  repair  almost  any  type  of  DNA  lesion  when  in  correct  equilibrium. 
When  this  delicate  balance  is  disrupted  as  seen  in  Blm  null  cells  resulting  in  hyperrecombination  or 
hyporecombination  in  Brcal  null  cells  the  ensuing  result  is  genomic  instability  (5). 

It  has  been  reported  previously  that  p53  down  regulates  spontaneous  homologous 
recombination  in  chromosomally  integrating  plasmid  substrate  models.  Bertrand  et  al.  using  a 
plasmid-based  system  with  PJS3-10  (mouse  L  cell  lines)  overexpressed  the  mutant  p53175(Ar 9>H,S)’ 
which  showed  a  5-20  fold  increase  in  spontaneous  recombination  compared  to  wild  type  control  cells. 
Further  analysis  showed  that  the  effect  of  the  p53  mutation  acted  on  both  rad51  dependent  gene 
conversion  events  and  deletion  events  (6). 

Willers  et  al.  also  showed  an  increase  in  recombination  frequency  in  a  temperature  sensitive 
p53  mutant  (Alai  35  to  Val)  using  a  plasmid  substrate  that  stably  integrated  into  p53  null  mouse 
embryonic  fibroblasts  (MEFs).  This  study  further  established  the  uncoupling  of  p53’s  function  in 
suppressing  HR  and  its  role  as  a  cell  cycle  checkpoint  protein  (7). 

The  Wiesmuller  lab  has  explored  the  role  of  p53  in  HR  using  a  rare  cutting  endonuclease 
ISCE-1  in  breast  cancer  cells  with  varying  p53  mutations.  This  study  used  a  DSB  repair  assay  to 
show  that  some  p53  mutants  retain  partial  ability  to  repair  double  strand  breaks  by  repressing 
aberrant  HR  and  less  infrequently  through  NHEJ  and  SSA(8). 

P53  is  mutated  in  50%  of  all  human  cancers  and  most  likely  inactivated  by  some  other 
mechanism  in  the  other  50%.  Patients  with  Li  Fraumeni  syndrome  suffer  from  a  germ  line  mutation  in 
p53  and  subsequently  endure  an  early  onset  of  cancer.  Mouse  models  have  been  created  to 
recapitulate  this  phenomenon  and  are  surprisingly  viable.  80%  of  P53  null  mice  come  down  with 
lymphomas  within  6  months  and  the  rest  suffer  from  sarcomas.  MEFs  from  these  mice  show 
aneuploidy,  allelic  loss  and  gene  amplification.  Most  of  these  germline  mutations  are  missense 
mutations  occurring  in  the  DNA  binding  domain  of  p53.  One  such  mutant  is  the  p53-R172P  and  p53- 
R172H  mouse  model  (9).  The  p53-R172P  mouse  is  able  to  induce  partial  cell  cycle  arrest  in  response 
to  DNA  damage  but  is  defective  in  promoting  apoptosis.  Mice  homozygous  for  this  mutation  escape 
the  early  onset  of  lymphomas  that  is  typical  for  p53  null  mice,  however  these  mice  eventually  do 
succumb  to  tumors  that  have  a  normal  diploid  number  of  chromosomes  in  contrast  to  p53  null  tumors. 
The  p53-R172H  mouse  shows  an  inability  to  transactivate  p53  target  genes  as  well  as  a  defect  in 
apoptosis  induction  (10).  A  majority  of  mice  homozygous  for  p53-R172H  developed  lymphomas 
similar  to  p53  null  mice  with  a  smaller  percent  developing  sarcomas.  P53-R172H  heterozygous  mice 
developed  sarcomas  and  a  surprising  number  of  osteosarcomas  and  carcinomas  that  metastasized, 
which  was  not  seen  in  p53  heterozygous  mice  (9).  Interestingly,  the  p53-R172H  tumors  showed  a 
high  level  of  aneuploidy  similar  to  p53  null  mice  but  unlike  p53-R172P  mice.  Given  this  we  sought  to 
look  at  the  HR  frequency  of  these  two  mutants  to  determine  if  there  is  a  difference  in  in  the  ability  to 
suppress  HR  similar  to  WT  given  the  different  functionalities  of  these  to  mutants.  HR  is  measure  of 
genomic  instability,  even  though  it  can  fix  any  type  of  genotoxic  lesion,  when  used  incorrectly  it  can 
cause  large  deletions  and  lesions  in  the  genome.  Using  the  in  vivo  pun  assay  we  have  seen  an 
increase  in  HR  frequency  in  many  mouse  models  of  the  DNA  damage  repair  pathway.  HR  frequency 
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is  increased  in  BLM  null,  p53  null  and  parp  null  mice  and  decreased  in  Brcal  and  Brca2  null  animals 
(5,  and  unpublished  work). 

Given  the  power  of  this  assay  here  we  used  the  in  vivo  pun  assay  to  determine  the 
consequence  of  HR  suppression  in  two  breast  cancer  hotspot  p53  mutant  mouse  models  with 
differing  loss  of  function.  The  p53-R172P  mice,  which  are  defective  in  their  ability  to  induce  apoptosis 
but  are  able  to  induce  cell  cycle  genes,  retained  the  ability  to  suppress  HR  similar  to  wild  type  p53 
animals.  The  more  aggressive  p53-R172H  mouse  showed  increase  HR  similar  to  p53  null  mice, 
which  do  not  produce  any  p53  protein  at  all. 

Specific  Aim  1:  Determine  whether  p53  mutants  R172P  and  R172H  suppress  spontaneous 
levels  of  homologous  recombination  the  same  as  wild-type  p53. 

In  the  first  year  of  the  training  grant  great  effort  was  put  forth  to  establish  a  robust  breeding 
colony  of  R172P,  R172H,  Wild  type  and  p53  null  mice  in  order  to  have  sufficient  numbers  of  animals 
to  perform  the  in  vivo  pun  assay. 

Mouse  Strains  and  Breeding  Cohorts 

Mice  heterozygous  for  the  point  mutations  p53R172P  and  p53R172H  both  on  a  C57BL/6  genetic 
background  were  kindly  provided  by  Dr.  G.  Lozano  (M.D.  Anderson).  In  addition,  two  crosses  were 
made  to  C57BL/6  pun/un  mice  obtained  from  the  Jackson  Laboratory  (Bar  Harbor,  ME)  to  establish  the 
homozygous  pun/un  genotype.  Mice  heterozygous  for  a  targeted  null  allele  of  p53  were  previously 
crossed  into  a  C57BL/6J  pun/un  genetic  background  as  described  in  Aubrecht  et  al.  (11 ). 

Breeding  cohorts  of  p53R172P/+  pun/un,  p53R™+  pun/un  and  p53neo/+  pun/un  mice  were  established  and 
maintained  by  intercrossing  heterozygous  mice  in  each  respective  cohort  to  produce  the  desired 
experimental  mice  ( p53R172P7R172P ,  p53R172H/R172H,  p53neo/neo)  along  with  littermate  controls  ( p53R172P/+ , 
p53R172H/+,  p53neo/+,  p53+/+). 

,  p53R172H  and  p53neo  genotypes  were  determined  as  previously  described  (11).  The 
pun/un  genotype  was  identified  by  the  phenotypic  dilute  (grey)  coat  color. 

pun  Eyespot  HR  Assay 

Mice  were  sacrificed  at  weaning  age  and  their  eyes  harvested  and  dissected  to  expose  the  retinal 
pigment  epithelium  (RPE)  as  previously  described  (12).  Briefly,  each  RPE  whole  mount  was  digitally 
photographed  and  analyzed  foreyespots  using  a  Zeiss  Lumar  version  12  stereomicroscope,  Zeiss 
AxioVision  MRm  camera,  and  Zeiss  AxioVision  4.6  software  (Thornwood,  NY)  as  described 
previously  (13,  appendix).  The  criteria  for  what  constitutes  an  eyespot  was  previously  defined  in 
bishop  et  al.  as  being  a  pigmented  cell  that  is  separated  by  2  other  pigmented  cells  (12).  Next,  the 
RPE  images  were  uploaded  into  Adobe  Photoshop  and  the  edge  of  the  RPE  was  delineated  using 
the  ellipse  tool  and  free  transform  path  function.  Two  measurements  were  made  (i)  a  frequency  of 
eyespots  (HR  events)  per  RPE,  and  (ii)  distribution  of  the  eyespots  within  the  RPE  (their  position) 
reflecting  the  developmental  time  at  which  the  eyespots  were  produced. 

Statistics 

The  Kruskal-Wallis  test  (non-parametric,  one-way  analysis  of  variance  for  multiple  group  comparison) 
followed  by  the  Dunn’s  Multiple  Comparison  test  was  performed  using  GraphPad  Prism  (La  Jolla, 

CA). 

The  recessive  R172P  mutation  retains  the  ability  to  suppress  HR  in  vivo 

P53  is  a  potent  tumor  suppressor  and  plays  an  important  role  in  protecting  the  genome  from 
endogenous  and  exogenous  damage.  HR  is  the  only  DNA  repair  mechanism  that  is  able  to  mend  any 
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The  p53R172P 
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lesion  with  high  fidelity  when  it  is  working  correctly.  P53,  although  not  a  direct  player  in  HR,  helps  the 
cell  decide  whether  HR  will  be  the  best  route  to  take.  The  R172P  point  mutation  in  p53  results  in  a 
mouse  that  is  unable  to  transcribe  apoptotic  genes  but  is  still  able  to  arrest  the  cell  cycle  and  retains 
most  of  its  protein:  protein  interactions. 

The  frequency  of  pun  reversion  was  determined  in  p53R172P/R172P  pun/un  mice  using  the  in  vivo  pun  assay 
(Table  1  and  Figure  1 ).  There  was  no  significant  increase  in  the  number  of  eyespots  compared  to  wild 
type.  Suggesting  that  p53-R172P  mutant  mice  retain  the  ability  to  suppress  homologous 
recombination  similar  to  wild  type  mice.  The  inability  to  transcribe  apoptotic  genes  in  this  particular 
mutant  had  no  impact  on  its  ability  to  suppress  HR,  suggesting  that  the  mechanism  for  p53 
involvement  in  HR  may  be  cell  cycle  mediated  or  through  protein:  protein  interactions. 


The  aggressive  R172H  mutant  mice  show  increased  HR  frequency  similar  to  p53  null  mice  in 
vivo 

The  R172H  point  mutation  results  in  a  protein  being  formed  but  it  is  unable  to  bind  and  transcribe  any 
of  the  p53  target  genes.  Also  many  of  the  normal  protein:  protein  interactions  have  also  been 
disrupted.  The  p53-  R172H  mutation  is  more  detrimental  than  the  R172P  mutation  in  that  the  former 
mice  have  an  earlier  onset  of  tumors  and  a  higher  incidence  of  metastatic  tumors  in  the  heterozygous 
genotype. 

The  frequency  of  pun  reversion  events  in  the  p53-R172H  mouse  was  significantly  higher  than  the  wild 
type  controls  and  p53-R172P  mutant  mice  (p<  .001)  (Table  1  and  figure  1).  Interestingly,  the  pun 
reversion  frequency  was  similar  to  that  of  a  p53  null  animal  that  produces  no  p53  protein  at  all  (~  1 0 
eyespots). 

Table  1 .  Summary  of  RPE  analyzed  and  pun  reversion  frequency  by  p53  genotype 


TOTAL  AVERAGE 


Genotype 

RPE 

Eyespots 

Cells 

Eyespots 
per  RPE 

SD 

Cells 

per 

RPE 

SD 

Spot 

Size 

SD 

p53*/+  p"n/"" 

41 

153 

441 

3.7 

2.3 

10.7 

11 

2.8 

3.5 

p53neo/neo  pun^un 

22 

258 

680 

11.7 

6.6 

31 

26.6 

2.6 

3.4 

p53R1 72P/R 1 72P  pu  n/u  n 

29 

118 

323 

4.1 

2.6 

11.5 

15.4 

2.7 

5.2 

p53R172H/R172H  pun/un 

35 

340 

742 

9.7 

4.6 

21.2 

13.9 

2.2 

2.5 

Because  these  mouse  models  are  not  a  true  separation  of  function  (none  exist  in  mouse  models)  we 
will  need  to  do  further  explore  the  relationship  between  p53’s  transcription  factor  capability  and 
protein:  protein  interaction  capability  and  its  disruption  in  mutant  mice. 

Given  these  results  we  will  need  to  delineate  the  2  mechanisms  of  p53  to  determine  which  have  been 
disrupted  between  the  R172P  and  R172H  mutant  to  cause  the  change  in  HR  suppression.  Further 
experiments  including  microarray  analysis  to  determine  transactivation  differences  as  well  as  Co-IP 
experiments  to  determine  broken  protein:  protein  interactions  will  need  to  be  performed.  The  genes  to 
look  at  in  the  microarray  in  order  to  focus  the  experiment  and  not  fish  will  be  to  look  at  HR  genes,  cell 
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cycle,  apoptotic  genes  that  may  be  dysregulated.  Same  is  true  for  protein:  protein  interaction 
experiments-  look  at  HR  proteins  such  as  BRCA/2,  Rad51,  RPA,  53bp1,  bcl2  to  determine  if  there  are 
broken  interactions  in  the  R172H  mutation  and  not  in  the  R172P  mutant. 


Frequency  of  Reversion  Events 


Figure  1 .  The  frequency  of  eyespots  was  determined  using  the  pun  assay.  The  data  indicates  that 
p53  R172P  mutant  mice  retained  the  ability  to  suppress  HR  similar  to  WT  p53  mice.  However,  p53 
R1 72H  mutant  mice  showed  increased  HR  frequency  similar  to  p53  null  mice.  p<0.001 . 


A  more  sophisticated  measurement  that  can  be  made  using  the  pun  eye  assay  is  the  relative  position 
of  the  eyespot  on  the  RPE.  We  performed  this  analysis  (Figure  2.)  and  were  surprised  to  see  that 
there  was  a  difference  in  these  results  in  comparison  to  previous  findings  by  the  Pi’s  mentor. 

Previous  work  showed  that  p53  null  animals  showed  an  increased  number  of  eyespots  closer  to  the 
optic  nerve  (towards  the  center)  indicating  a  time  in  early  development  ~E8.  This  was  not  seen  in  the 
current  work  and  can  be  explained  by  the  difference  in  where  the  cutoff  is  made  in  the  edge  of  the 
RPE.  The  current  work  shows  a  larger  portion  of  the  RPE  whereas  the  previous  work  was  a  tighter 
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circle  around  the  RPE.  This  would  lead  to  more  spots  being  counted  on  the  edge  of  the  RPE  that 
what  was  previously  reported  (14).  There  is  no  significant  difference  between  the  p53  mutants  and 
WT  in  terms  of  their  positional  distribution  on  the  RPE.  Thus  these  events  are  not  time  in 
development  as  was  previously  reported  for  p53  null  mice  (14). 
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Figure  2.  The  Relative  Position  distribution  of  eyespots  was  determined  using  the  pun  assay. 
P<0.05 


■  Rad51  Foci  using  primary  MEFs  (months  5-12) 

•  An  initial  experiment  has  been  performed  but  is  in  the  process  of  being 
replicated  with  additional  biological  replicates  and  the  use  of  more 
sophisticated  confocal  microscopy  versus  epifluorescence. 

Specific  Aim  2:  Determine  the  influence  of  the  two  p53  mutant  mice  on  BER  and  NER  activity 
as  a  mechanism  by  which  p53  suppresses  homologous  recombination.. 

o  Time  frame:  1  year 

o  The  NER  and  BER  assays  are  currently  being  optimized  in  the  lab.  All  resources 
and  relevant  p53  mutant  cells  have  been  collected.  This  aim  will  be  the  focus  in 
the  second  year. 
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Specific  Aim  3.  Determine  whether  either  of  the  p53  mutants  can  alter  the  damage  induced 
HRR  response  and  if  their  reduced  functionality  impacts  damage  induced  BER  and  NER 
activity. 

o  Time  frame:  1  year 

■  Continue  to  expand  R172P,  R172H  and  neo  cohorts  (months  1-12) 

•  Currently  I  have  a  robust  breeding  colony  for  all  three  genotypes. 
Heterozygous  mice  from  each  colony  are  kept  and  mated  for  MEF 
production,  spontaneous  and  exposure  pun  assay. 

■  Perform  timed  matings  to  intercross  heterozygous  mice  in  each  cohort  (months 
1-12) 

•  p53R172P/+  pun/un,  p53R172H/+  pun/un  and  p53neo/+  pun/un 

•  Additional  cross  between  p53R172H/+  pun/un  and  p53neo/+  pun/un  mice  to  obtain 

p53Ri72H/neo 

■  Expose  pregnant  dams  to  1  Gy  of  X-ray  at  El  2.5  (months  1  -1 2) 

•  7  pregnant  dams  have  been  exposed  and  the  analysis  is  currently  being 
done. 

■  Assess  the  frequency  of  damage  induced  pun  HRR  deletion  for  each  p53 
genotype  by  performing  the  pun  eyespot  assay  (months  5-12) 

•  Data  from  7  exposed  dams  has  been  collected  and  currently  being 
processed. 

■  Set  up  timed  matings  for  primary  MEFs  of  each  p53  genotype  (months  1-12) 

•  Intercross  heterozygous  mice:  p53R172P/+  pun/un,  p53R172H/+  pun/un  and 
p53neo/+  pun/un 

•  Additional  cross  between  p53R172H/+  pun/un  and  p53neo/+  pun/un  mice  to  obtain 

p53Ri72H/neo 

■  Expose  pregnant  dams  to  IGy  of  X-ray  at  El  2.5  for  MEFs  (months  1-12) 

•  Mice  have  been  setup  for  exposures  and  MEF  harvest 

■  Perform  BER  and  NER  assays  on  damage  induced  primary  MEFs  of  each  p53 
genotype  (months  5-12) 

■  Perform  RAD51  foci  kinetics  on  damage  induced  primary  MEFs  of  each  p53 
genotype  (months  5-12) 
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•  An  initial  experiment  has  been  performed  but  is  in  the  process  of  being 
replicated  with  additional  biological  replicates  and  the  use  of  more 
sophisticated  confocal  microscopy  versus  epifluorescence. 

■  Set  up  timed  matings  for  nuclear  extracts  of  each  p53  genotype  (months  1-12) 

•  Intercross  heterozygous  mice:  p53R172P/+  pun/un,  p53R172H/+  pun/un  and 
p53neo/+  pun/un 

•  Additional  cross  between  p53R172H/+  pun/un  and  p53neo/+  pun/un  mice  to  obtain 

p53R172H/neo 

■  Expose  pregnant  dams  to  IGy  of  X-ray  at  El  2.5  for  MEFs  (months  1-12) 

■  Perform  BER  and  NER  assays  on  damage  induced  nuclear  extracts  of  each  p53 
genotype  to  determine  If  NER/BER  activity  is  recapitulated  in  vivo  (months  5-12) 


12 


Key  Research  Accomplishments 

•  R172P  mutant  mice  are  able  to  suppress  HR  similar  to  wild  type  suggesting  the  mechanism  is 
not  due  to  the  transactivation  of  apoptotic  genes  but  through  cell  cycle  or  protein:  protein 
interactions. 

•  R172H  mutant  mice  have  a  decrease  in  HR  similar  to  p53  null  mice,  which  do  not  produce  p53 
protein.  This  suggests  a  protein:  protein  interaction  defect  and  a  possible  indirect  regulatory 
role  for  p53  in  the  regulation  of  HR. 
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Reportable  outcomes: 


Peer-Reviewed  Publications: 

-  Claybon  A,  Karia  B,  Bruce  C,  Bishop  AJ  (2010)  PARP1  suppresses  homologous  recombination 
events  in  mice  in  vivo.  Nucleic  Acids  Res  38:7538-7545 

-  Ravi  D,  Chen  Y,  Karia  B,  Brown  A,  Gu  TT,  Li  J,  Carey  MS,  Hennessy  BT,  Bishop  AJ:  14-3-3  sigma 
expression  effects  G2/M  response  to  oxygen  and  correlates  with  ovarian  cancer  metastasis. 

PloS  one  2011, 6(1  ):e1 5864. 

Conference/Poster  Presentations: 

-  Bijal  Karia,  Alexander  J.R.  Bishop.  P53  Suppression  of  Homologous  Recombination  and 
Tumorigenesis.  Keystone  Symposia:  Genomic  Instability  and  DNA  Repair.  Keystone,  Colorado. 
January  30  -  February  4,  201 1 

-  Bijal  Karia,  Alexander  J.R.  Bishop.  P53  Suppression  of  Homologous  Recombination  and 
Tumorigenesis.  15th  International  P53  Workshop.  Philadelphia,  Pennsylvania 

October  8-12,  2010 

-  Bijal  Karia,  Alexander  J.R.  Bishop.  P53  Suppression  of  Homologous  Recombination  and 
Tumorigenesis.  Greehey  Children’s  Cancer  Research  Institute  Symposium.  San  Antonio,  Texas 
February  25-26  2010 
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Conclusions 

The  main  focus  of  this  grant  was  to  train  me  for  future  as  an  independent  breast  cancer  investigator. 
Using  the  funds  from  this  grant  I  have  attended  3  meetings  related  to  genomic  instability  (Keystone 
Symposia),  p53  (p53  international  workshop)  and  breast  cancer  (San  Antonio  breast  cancer 
symposium).  My  attendance  at  these  meetings  allowed  me  to  make  contacts  with  breast  cancer 
investigators  all  over  the  world.  I  was  exposed  to  cutting-edge  research  that  was  being  done  in  the 
field  of  breast  cancer  research.  My  poster  presentation  allowed  for  good  discussion  and  feedback 
from  other  investigators  that  will  help  shape  future  experiments  and  thinking  about  breast  cancer. 

I  have  had  2  dissertation  committee  meetings  (5-10-2010,  2-21-2011)  in  which  the  discussion  of  my 
progress  was  key.  My  committee  gave  me  invaluable  advice  on  analysis  of  experiments, 
interpretations,  statistical  help  and  time  management  for  progression  of  my  PHD.  I  have  also 
presented  my  work  to  the  department  of  cellular  and  structural  biology  two  times  since  this  grant  was 
awarded  (5-18-2010,  12-23-2010).  This  has  been  a  great  experience  for  honing  my  speaking  and 
presentation  skills.  I  have  learned  how  to  better  answer  difficult  questions  regarding  my  work  and  to 
think  critically  about  my  project. 

I  have  also  attended  seminars  twice  a  week  to  better  keep  up  with  ongoing  research  in  many  fields. 
This  has  been  a  great  lesson  in  critically  thinking  about  the  work  of  others  and  how  they  answered 
questions  and  solved  problems. 

I  have  completed  the  cancer  core  course  given  through  the  cellular  and  structural  biology  department 
with  a  grade  of  “A.”  This  completes  all  classes  necessary  for  my  PHD  requirements. 

I  continually  meet  with  my  mentors  on  a  weekly  basis  to  discuss  experiment  results,  future 
experiment  planning  and  troubleshooting  strategies. 

In  this  first  year  I  have  made  significant  progress.  Animal  models  are  very  difficult  but  I  have  managed 
to  learn  and  master  mouse  husbandry  and  now  have  a  thriving  healthy  breeding  colony.  The  cohorts 
mentioned  in  the  statement  of  work  have  all  been  established  and  experiments  are  underway.  Assays 
for  measuring  RAD51  foci,  NER,  BER  have  been  learned  by  the  PI  and  are  currently  being  used  in 
the  lab.  The  most  significant  finding  that  has  come  from  the  first  year  experiments  is  that  there  is  a 
difference  between  the  2  p53  mutants  in  terms  of  homologous  recombination  frequency.  Given  the 
separation  of  function  of  these  2  mutants  we  can  now  tease  out  the  mechanism  for  how  p53 
suppresses  homologous  recombination  both  in  a  spontaneous  situation  and  following  damage.  Future 
experiments  will  include  microarray  analysis  to  determine  differential  expression  of  target  genes 
between  the  mutants  as  well  as  CO-IP  experiments  to  determine  if  broken  interactions  exist  between 
the  mutants  that  might  explain  the  difference  in  HR  frequency. 
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“So  what” 

the  significance  of  these  initial  findings  is  that  we  are  closer  to  determining  what  p53  mutations  are 
exactly  doing  and  not  doing  in  cells.  If  we  can  determine  what  main  “normal”  functions  of  p53  are 
altered  or  lost  or  broken  in  cancer  cells  we  can  develop  better  targets  and  therapies  that  address 
these  issue  particularly.  For  example  if  it  is  determined  that  the  more  aggressive  R172H  mutation  has 
a  broken  protein:  protein  interaction  that  causes  it  to  have  hyper  recombination  leading  to  genomic 
instability  leading  to  cancer  than  there  is  a  chance  for  targeted  therapy  to  repair  this  interaction  in 
order  to  restore  normal  DNA  repair  function.  The  research  that  has  been  done  in  this  field  by  previous 
investigators  has  been  on  in  vitro  plasmid  based  models  with  questionable  results.  Here  we  use  an  in 
vivo  assay  in  a  clean  genetic  system  that  provides  an  excellent  model  for  determining  genomic 
instability  by  way  of  measuring  HR. 
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Abstract 

Background:  In  vitro  cell  culture  experiments  with  primary  cells  have  reported  that  cell  proliferation  is  retarded  in  the 
presence  of  ambient  compared  to  physiological  02  levels.  Cancer  is  primarily  a  disease  of  aberrant  cell  proliferation, 
therefore,  studying  cancer  cells  grown  under  ambient  02  may  be  undesirable.  To  understand  better  the  impact  of  02  on  the 
propagation  of  cancer  cells  in  vitro,  we  compared  the  growth  potential  of  a  panel  of  ovarian  cancer  cell  lines  under  ambient 
(21%)  or  physiological  (3%)  02. 

Principal  Findings:  Our  observations  demonstrate  that  similar  to  primary  cells,  many  cancer  cells  maintain  an  inherent 
sensitivity  to  02,  but  some  display  insensitivity  to  changes  in  02  concentration.  Further  analysis  revealed  an  association 
between  defective  G2/M  cell  cycle  transition  regulation  and  02  insensitivity  resultant  from  overexpression  of  14-3-3  a. 
Targeting  14-3-3  a  overexpression  with  RNAi  restored  02  sensitivity  in  these  cell  lines.  Additionally,  we  found  that 
metastatic  ovarian  tumors  frequently  overexpress  14-3-3  cr,  which  in  conjunction  with  phosphorylated  RB,  results  in  poor 
prognosis. 

Conclusions:  Cancer  cells  show  differential  proliferative  sensitivity  to  changes  in  02  concentration.  Although  a  direct  link 
between  02  insensitivity  and  metastasis  was  not  determined,  this  investigation  showed  that  an  02  insensitive  phenotype  in 
cancer  cells  to  correlate  with  metastatic  tumor  progression. 
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Introduction 

Cell  lines  derived  from  cancer  patients  provide  an  experimen¬ 
tally  manipulable  model  system  that  facilitates  investigations  into 
cancer  biology  and  its  therapy.  The  unlimited  proliferation 
potential  of  cancer  cells  is  a  major  hallmark  of  malignancy, 
however  the  use  of  standard  tissue  culture  protocols  often  restricts 
cell  proliferation,  as  observed  with  primary  cell  lines  [1,2, 3, 4], 
Although  the  use  of  physiological  conditions  is  known  to  impact  in 
vitro  proliferation  of  cancer  cells  [5,6,7]  and  primary  cells  are 
known  to  propagate  better  at  physiological  02,  the  impact  of 
physiological  02  on  in  vitro  cancer  cell  proliferation  is  relatively 
unexplored.  However,  it  has  been  reported  that  altered  concen¬ 
trations  of  02  results  in  clear  differences  in  cell  proliferation  and 
response  to  drug  treatment  in  the  cancer  cells  [8,9,10]. 


Oxygen,  in  addition  to  nutrients  and  growth  factors,  is  vital  for 
proper  cell  growth  and  its  availability  has  a  direct  impact  on 
cellular  metabolism,  signaling  pathways,  proliferation,  differenti¬ 
ation  and  survival  [3,11,12,13].  Many  in  vitro  investigations  have 
demonstrated  the  advantages  of  physiological  02  for  tissue  culture. 
For  example,  the  biological  behavior  of  primary  cell  cultures  with 
a  physiological  concentration  of  02  (2. 7-5. 3%)  is  far  superior 
compared  to  the  standard  practice  of  growing  cells  under 
atmospheric  or  “ambient”  02  concentration  (21%  02)  [4],  In 
fact,  these  two  growth  conditions  are  known  to  result  in  distinct 
metabolic  and  molecular  characteristics  [13]. 

The  importance  of  considering  Oo  tension  in  cancer  biology  is 
well  established.  For  example,  the  fact  that  many  cancers  exist  in  a 
‘hypoxic’  state  has  led  to  the  development  of  hypoxia-targeted 
therapy  [14,15].  In  general  the  hypoxic  concentration  of  02  is 
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<1%  for  most  solid  tumors,  however  the  hypoxic  concentration 
could  vary  based  on  the  cell  types  and  the  normal  perfusion  status 

[16]  and  additionally,  hypoxia  tends  to  inhibit  cell  proliferation 

[17] .  Physiological  O2  tension  varies  from  2. 7-5. 3%  in  the 
interstitial  space  [18],  where  many  primary  tumors  reside,  to 
14.7%  in  the  arterial  circulation  and  lungs,  where  migrating  and 
potentially  metastatic  cancer  cells  are  often  found.  Therefore, 
cancer  studies  that  are  only  conducted  in  ambient  (2 1  %)  O2  may 
miss  pertinent  biological  observations.  This  may  be  particularly 
important  when  attempting  to  study  the  progression  of  cancer  to 
metastatic  disease,  which  is  a  significant  event  in  cancer  etiology 
and  is  associated  with  poor  prognosis  [19].  Considering  the 
differences  in  O2  tension  in  different  compartments  of  the  body, 
an  understanding  of  the  effect  of  02  concentration  on  cancer  cell 
proliferation  could  provide  useful  insights  into  the  mechanisms 
involved  in  the  pathological  progression  of  cancer. 

Cancer  cells  that  have  acquired  mutations  in  either  oncogenes  or 
tumor  suppressor  genes  display  a  characteristic  uncontrolled 
proliferation  phenotype  [20].  For  example,  tumor  suppressors  such 
as  p53  or  RB  act  as  “molecular  gatekeepers”  known  to  affect  cell 
cycle  progression.  Mutation  of  such  factors  facilitates  unlimited 
proliferation  in  cancer  cells  [20].  Cell  cycle  progression  involves  a 
sequential  series  of  events  catalyzed  by  cyclins  and  cyclin-dependent 
kinases  (CDKs)  [21],  and  in  normal  cells  is  a  tightly  regulated 
process.  The  tumor  suppressor  p53  is  a  master  regulator  of  Gl/S 
and  G2/M  phase  transition  in  the  cell  cycle  [22]  and  is  known  to 
have  an  important  role  in  responding  to  oxygen  concentration, 
particularly  hypoxia  (<1%  Oa)  [23]  or  hyperoxia  (95%  O2)  [24], 
Although  examining  the  effect  of  extreme  O2  conditions  is  both 
important  and  revealing,  it  must  be  noted  that  these  previous  studies 
did  not  investigate  the  response  ofp53  at  physiological  (3%)  02  and 
ambient  (21%)  O2.  p21  and  14-3-3  o  are  transcriptional  targets  of 
p53  diat  are  involved  in  regulating  Gl/S  and  G2/M  transitions  of 
the  cell  cycle  by  targeting  CDK2  and  CDC2  (also  known  as  CDK1), 
respectively  [22,25].  The  CDKs,  in  turn,  regulate  RB  protein 
function,  to  mediate  cell  cycle  progression  through  Gl/S  and  G2/ 
M  [26].  Therefore,  disruption  of  RB  function  could  also  impact  the 
control  of  cell  cycle  progression  [26] .  Considering  that  differences  in 
02  concentration  result  in  altered  cell  cycle  progression  in  primary 
cells  but  cancer  cells  frequently  display  cell  cycle  control  defects, 
there  is  clearly  the  potential  that  these  defects  may  impact  how 
cancer  cells  respond  to  altered  02  levels  in  a  manner  that  could  have 
a  profound  influence  on  cancer  progression. 

Here  we  examined  the  biological  behavior  of  ovarian  cancer  cells 
under  physiological  and  ambient  Oz.  Interestingly,  some  of  the 
ovarian  cancer  cell  lines  had  a  normal  response  to  02  concentra¬ 
tion,  (i.e.  reduced  cell  proliferation  with  increased  O2  concentration) 
while  the  proliferation  of  other  ovarian  cancer  cell  lines  was 
unaffected  by  this  O2  increase.  Further,  our  investigations  revealed 
that  14-3-3  a  and  its  role  in  the  cell  cycle  influence  the  proliferative 
response  to  altered  O2  levels.  Considering  the  variation  in  partial 
pressure  of  oxygen  throughout  the  body  and  the  potential 
importance  that  this  context  may  have  on  cancer  progression,  it  is 
crucial  to  understand  the  affect  of  O2  concentration  on  cancer  cell 
proliferation  and  cancer  progression.  We  provide  evidence  that 
acquisition  of  Oz  insensitivity  may  be  a  component  in  cancer 
progression  and  a  hallmark  of  successful  metastatic  disease. 

Results 

Physiological  oxygen  results  in  increased  cell 
proliferation  in  ovarian  cancer  cells 

In  our  initial  studies  we  compared  the  effect  of  physiological  (3% 
O2)  and  ambient  (21%  O2)  oxygen  concentration  using  A2780 


ovarian  cancer  cells  and  observed  that  1 2  days  of  cell  culture  under 
these  conditions  resulted  in  a  2.6  fold  growth  suppression  under 
21%  O2  (Figure  1).  Therefore,  we  examined  the  affect  of  O2 
concentration  on  the  growth  potential  of  six  ovarian  cancer  cell  lines 
using  physiological  (3%  O2)  and  ambient  (21%  O2)  oxygen 
concentrations.  Since  the  serum  present  in  cell  culture  medium 
can  also  have  a  dominant  influence  on  growth,  we  also  tested  the 
affect  of  various  concentrations  of  serum.  Regardless  of  the  amount 
of  serum  present  in  the  growth  medium,  culturing  in  2 1  %  O2 
generally  resulted  in  a  significant  decrease  in  cell  proliferation  for 
four  of  the  ovarian  cancer  cell  lines  (A2780,  OVCAR5,  OVCAR8 
and  HOC8)  compared  to  3%  02  (Figure  2).  The  only  exception 
observed  was  with  HOC8  cells  in  the  presence  of  the  highest 
concentration  of  serum  (10%  v/v),  where  an  insignificant  02- 
dependent  growth  effect  was  obseived  (Figure  2).  Presumably  the 
lack  of  response  in  Hoc8  results  from  a  dominant  influence  of 
serum,  which  was  not  observed  with  A2780,  OVCAR5  and 
OVCAR8.  In  contrast,  there  was  no  significant  effect  on  the  growth 
of  SKOV 3  and  HeyA8  cell  lines  by  increasing  the  02  concentration 
to  21%,  irrespective  of  serum  concentrations  (Figure  2).  The 
observed  exception  was  HeyA8  cultured  under  2%  serum,  which 
showed  decreased  cell  proliferation  at  2 1  %  02  compared  to  3%  O2 
(/)<0.001).  In  contrast  to  the  effect  of  02  levels,  increasing  the 
concentration  of  serum  resulted  in  a  proportional  growth  increase  in 
the  ovarian  cancer  cell  lines  A2780,  OVCAR5  and  OVCAR8 
(/><10-5,  Figure  2).  The  concentration  of  serum  had  a  moderate 
influence  on  growth  in  SKOV3  and  HeyA8  (Figure  2);  a  serum 
concentration  between  2  and  6%  had  a  significant  effect  (/><10-5) 
in  SKOV3,  while  HeyA8  serum  concentration  between  2  and  10% 
serum  had  the  greatest  effect  at  3%  02  (/><10  5)  (Figure  2). 
Increasing  serum  concentration  from  6%  to  10%  had  little  effect  on 
growth  of  HeyA8,  SKOV3  and  HOC8  (Figure  2).  Together,  it 
appears  that  both  oxygen  levels  and  serum  concentration  affect  the 
growth  of  these  ovarian  cancer  cell  lines,  but  in  an  independent 
fashion.  As  expected  from  work  by  others  with  primary  cells  [4] ,  we 
observed  that  the  majority  of  the  ovarian  cancer  cells  displayed 
decreased  cell  proliferation  at  ambient  02  concentration  compared 
to  physiological  O2  concentration.  However,  two  cell  lines  did  not 
appear  to  have  inhibited  cell  proliferation  at  the  higher  (ambient) 
02  levels.  We  therefore  categorized  die  ovarian  cancer  cell  lines 
based  on  these  differences,  being  either  02  sensitive  (A2780, 
OVCAR5,  OVCAR8  and  HOC8)  or  insensitive  (SKOV3  and 
HeyA8)  (Figure  2).  Overall,  these  differences  suggest  heterogeneity 
in  growth  regulation  responses  to  physiological  cues  of  02  levels  in 
these  cultured  cell  lines. 

It  is  possible  that  the  apparent  02  insensitivity  and  differences  in 
proliferation  resulted  from  differences  in  the  doubling  time  of  each 
cell  line.  For  example,  if  SKOV3  and  HeyA8  (the  02  insensitive  cell 
lines)  proliferate  more  slowly,  02  dependent  proliferation  changes 
may  be  too  trivial  to  measure.  Therefore,  we  measured  the  cell 
doubling  time  for  all  ovarian  cancer  cell  lines.  Our  results  showed 
that  under  standard  tissue  culture  conditions  (10%  serum  and  21% 
O2)  the  doubling  time  for  all  ovarian  cancer  cell  lines  were 
somewhat  similar  (<24  hours)  except  for  HOC8,  which  had  an 
extended  doubling  time  of  about  45. 5  ±4.9  hours  (Table  SI,  and  see 
Methods  SI).  Therefore,  most  of  the  ovarian  cancer  cell  lines  were 
dividing  at  an  approximately  equal  rate,  and  gross  difference  in 
doubling  time  is  unlikely  to  be  a  factor  in  the  observed  proliferation 
differences  between  cell  lines  under  different  conditions. 

Oxygen  sensitivity  correlates  with  dynamic  changes  in 
the  S  and  G2  phases  of  the  cell  cycle 

Considering  the  differences  in  proliferation  observed  for  ovarian 
cancer  cell  lines  grown  under  either  3%  or  21%  02,  we  examined 
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Standard  tissue  culture  condition  (Room  air  with  21%  O2) 
Physiological  growth  condition  with  3%  O2 


Figure  1.  Cancer  cell  proliferation  is  markedly  suppressed  by  the  standard  cell  culture  conditions  used  for  in  vitro  experiments. 

Equal  numbers  of  A2780  ovarian  cancer  cells  were  seeded  in  a  10  cm  petri  dish  and  were  routinely  maintained  under  3%  02  (physiological)  or  21%  02 
(ambient).  The  increase  in  cell  numbers  was  determined  by  counting  manually  once  in  three  days,  and  the  total  cell  numbers  were  estimated  and 
plotted  using  linear  scale  (in  Graph  A)  and  log  scale  (in  Graph  B). 
doi:1 0.1 371/journal.pone.OOI  5864.g001 


whether  02  concentration  alters  the  cell  cycle  profile  of  each  cell 
line.  Irrespective  of  serum  concentration,  comparing  3%  02  to 
2 1  %  02  resulted  in  a  significant  decrease  in  the  percentage  of  cells 
that  were  in  the  G1  phase  of  the  cell  cycle  and  a  significant 
increase  in  the  percentage  of  cells  in  S  phase  (Table  1),  which  was 


expected  based  on  previous  observations  made  with  primary  cells 
[27].  Furthermore,  in  three  of  the  02  sensitive  cell  lines  (A2780, 
OVCAR5  and  OVCAR8)  the  percentage  of  the  cell  population  in 
the  G2  phase  was  increased  significandy  in  21%  02.  However  a 
significant  increase  in  G2  was  not  observed  in  the  fourth  02 
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10% 
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3%  0„ 
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Figure  2.  Ovarian  cancer  cells  grown  under  physiological  and  ambient  02  show  differential  proliferation  response.  Ovarian  cancer  cell 
lines  were  cultured  under  3%  or  21%  02  and  the  extent  of  proliferation  was  determined  following  3  days  of  growth  (see  Materials  and  Methods 
section).  For  each  cell  line,  the  percent  of  cell  proliferation  at  3%  02  (light  shaded  bars)  and  at  different  concentrations  of  serum  was  compared  with 
proliferation  under  standard  tissue  culture  conditions  consisting  of  21%  (ambient)  02  (dark  shaded  bars)  and  10%  FBS.  The  error  bars  represent  the 
standard  deviations  of  mean  and  statistical  significant  (by  student  T  Test)  differences  in  proliferation  between  3%  and  21%  02  for  each  concentration 
of  serum  is  indicated  by  an  asterisk  [(*)  p< 0.05,  (**)  p<0.001  and  (***)  p<0.0001]. 
doi:1 0.1 371/journal.pone.OOI  5864.g002 
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sensitive  cell  line,  HOC8  (Table  1).  Similar  to  HOC8,  the  O2 
insensitive  cell  lines,  SKOV3  and  HeyA8,  did  not  display  a 
significant  alteration  in  the  proportion  of  cells  in  the  G2  phase  of 
the  cell  cycle  when  grown  under  3%  Oz  or  21%  02  (Table  1). 
Considering  that  the  02  sensitive  cell  lines  proliferated  more 
slowly  at  21%  02  compared  to  3%  02  despite  having  smaller 
proportions  of  their  cell  population  in  G1  and  a  increased 
proportions  in  S  and  G2,  we  conclude  that  these  cells  must  be 
progressing  more  slowly  through  the  cell  cycle.  However,  for  the 
02  insensitive  cell  lines  and  HOC8  (with  the  significantly  extended 
doubling  time),  we  did  not  observe  a  significant  increase  in  the 
percentage  of  cells  in  G2  when  the  02  levels  were  increased.  These 
results  suggest  that  although  the  G1  and  S  phases  of  the  cell  cycle 
are  responding  similarly  to  changes  in  02  concentration  in  both 
02  sensitive  and  insensitive  cell  lines,  it  is  the  G2  phase  of  the  cell 
cycle  that  is  not  responsive  to  02  concentration  in  the  02 
insensitive  cell  lines.  Therefore,  the  difference  in  cell  cycle  response 
observed  with  these  ovarian  cancer  cell  lines  might  be  at  the  level 
of  regulation  during  the  cell  cycle  progression  from  G2  to  M 
phase.  It  is  also  possible  that  the  changes  observed  with  G2  and  02 
sensitivity  in  these  cancer  cell  lines  is  reflected  in  the  mitotic 
component  of  the  cell  cycle.  Our  observation  of  the  mitotic  cells 
present  in  the  02  sensitive  and  insensitive  cell  lines  grown  under 
3%  and  21%  02  supports  this  conclusion;  the  02  sensitive  cell 
lines  show  a  proportionate  decrease  in  the  mitotic  cell  population 
observed  at  21%  02  compared  to  3%  02j  (Figure  3),  correspond¬ 
ing  to  an  accumulation  of  cells  at  G2  at  21%  02  (Table  1). 
Similarly,  in  the  02  insensitive  cell  lines  (HeyA8  and  SKOV3)  the 
proportion  of  mitotic  cells  remained  unaltered  regardless  of  02 
concentrations  (Figure  3).  This  is  expected  because,  as  noted 
previously  (Table  1),  the  proportion  of  cells  at  G2  in  the  02 
insensitive  cell  lines  were  also  unaffected  by  02  concentration.  We 
conclude  that  most  cancer  cells  retain  an  ability  to  regulate  cell 
cycle  in  response  to  changes  in  02  concentration  comparable  to 
wild  type  cells  [27].  However,  some  cancer  cells  may  lose  02 
concentration  dependent  control  of  cell  cycle  (as  in  the  02 
insensitive  cancer  cell  lines),  resulting  in  a  distinct  phenotype. 

Oxygen  insensitivity  correlates  with  altered  G2/M 
components 

Thus  far  we  have  demonstrated  that  02  sensitive  cell  cycle 
response  at  the  G2/M  transition  is  lacking  in  the  02  insensitive  cell 
lines.  We  therefore  went  on  to  characterize  this  observation  further 
by  determining  what  component  of  G2/M  regulation  is  deficient  in 
the  02-insensitive  cancer  cells.  The  major  effector  of  G2/M 
transition  is  CDC2  [22,28] .  CDC2  forms  a  complex  with  cyclin  B 
[29,30],  which  phosphorylates  various  structural  proteins  resulting 
in  the  collapse  of  the  nuclear  envelope,  condensation  and 
segregation  of  chromosomes  [30,31]  and  inactivation  of  other  cell 
cycle  regulatory  proteins  such  as  WEE1,  RB  and  CDG25C  [30,32]. 
In  normal  cells,  the  overall  levels  of  CDC2  protein  are  kept  constant 
throughout  the  cell  cycle  [33]  and  are  regulated  by  post- 
translational  modification  [33]  and  cellular  localization  [30,31]. 
Once  the  Tyrl5  residue  on  CDG2  is  dephosphorylated  by 
CDC25C,  activated  CDC2  forms  a  complex  with  cyclin  B, 
accumulates  in  the  nucleus,  and  promotes  the  G2/M  transi- 
tion[30,33,34].  This  occurs  in  a  stepwise  fashion  through  increasing 
amounts  of  nuclear  CDC2  protein  [30].  Our  examination  of  total 
CDC2  protein  and  phosphorylated  CDC2  protein  revealed  that 
both  are  considerably  lower  in  the  Oo-insensitive  cell  lines  (HeyA8 
and  SKOV3)  compared  to  the  02-sensitive  cell  lines  (Figure  4A). 
Although  the  levels  of  CDG2  were  relatively  high  in  the  02-sensitive 
cell  lines  (A2780,  OVCAR5  and  OVCAR8)  (Figure  2),  we  observed 
a  decrease  in  Tyrl5  phosphorylation  status  regardless  of  02 


A2780  OVCAR5  OVCAR8  HeyA8  HOC8  SKOV3 


Figure  3.  Mitotic  index  in  the  ovarian  cancer  cell  lines  grown 
under  3%  or  21%  02.  Mitotic  index  in  the  ovarian  cancer  cell  lines 
that  were  cultured  under  3%  or  21%  02  for  3  days  were  determined  by 
counting  nuclei  with  condensed  chromosomes,  among  the  minimum  of 
1000  cells  present  in  each  experiment.  Statistical  significance  was 
determined  by  ANOVA  and  the  significant  difference  in  the  mitotic 
index  between  3%  and  21%  02  is  denoted  by  an  asterisk  [(*)  p< 0.05, 
(***)  pCO.0001], 
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concentration  for  A2780,  OVCAR5  and  OVCAR8  with  increasing 
serum  levels  (Figure  4A).  This  correlates  with  the  observation  that 
increasing  serum  concentration  causes  increased  cellular  prolifera¬ 
tion  and  results  in  a  concomitant  reduction  in  the  proportion  of  cells 
in  G2/M  (compare  with  Table  1).  However,  no  overt  02-dependent 
alteration  in  either  total  or  phosphorylated  cyclin  B  or  CDC25C 
was  observed  in  the  02  sensitive  cell  lines  (A2780,  OVCAR5, 
OVCAR8  and  HOC8)  compared  to  02  insensitive  cell  lines 
(HeyA8  and  SKOV3)  (Figure  4A).  Therefore,  it  appears  that  the 
observed  decrease  in  the  cell  population  in  G2  in  2 1  %  02  might  not 
be  dependent  on  phosphorylation-mediated  inactivation  of  CDC2. 
It  should  be  noted  that  these  experiments  were  performed  in 
asynchronously  growing  cells,  and  therefore  it  is  possible  that 
transient  differences  in  CDG2  status  were  missed.  Interestingly,  the 
levels  of  CDC2,  Cyclin  B  and  CDC25c  (the  negative  regulator  of 
CDC2)  were  considerably  lower  in  02  insensitive  cell  lines  (HeyA8 
and  SKOV3)  compared  to  02  sensitive  cell  lines  (A2780, 
OVCAR5,  OVCAR8  and  HOC8)  (Figure  4A).  These  observations 
suggest  an  inherent  deficiency  in  the  core  components  involved  in 
the  G2/M  progression  in  the  02  insensitive  cell  lines. 

p53,  p21  and  14-3-3  a  are  factors  which  have  the  ability 
negatively  to  influence  CDC2  activity  and  G2/M  transition  [22]. 
Current  understanding  is  that  p53  and  p2 1  influence  cell  cycle  in 
hypoxic  and  hyperoxic  conditions  [23,24,35,36] .  Considering  the 
reduced  levels  of  CDC2  and  the  apparently  defective  G2/M 
checkpoint  in  the  02  insensitive  cell  lines  (HeyA8  and  SKOV3),  we 
explored  the  possibility  that  impairment  was  due  to  a  defect  in  any 
of  these  molecular  regulators.  Western  blot  analysis  found  p53  and 
p21  to  be  overexpressed  in  one  02-insensitive  cell  line  (HeyA8). 
However,  both  were  absent  in  the  other  02-insensitive  cell  line 
(SKOV3),  and  the  expression  pattern  for  these  proteins  remained 
unaltered  regardless  of  changes  in  02  or  serum  concentration 
(Figure  SI),  suggesting  that  neither  p53  nor  p21  is  relevant  to 
CDC2’s  function  in  02  sensitivity.  Interestingly,  we  observed  a 
considerable  elevation  in  the  expression  of  14-3-3  ct  (Figure  4A)  in 
the  02  insensitive  cell  lines  (HeyA8  and  SKOV3)  compared  to  the 
02-sensitive  cell  lines.  Although,  the  level  of  14-3-3  a  expression 
was  considerably  lower  in  all  02-sensitive  cell  lines  compared  to 
HeyA8  and  SKOV3,  we  did  observe  an  increase  in  the  expression  of 
14-3-3  ct  at  21%  02  with  A2780  (Figure  4A).  Although 
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Table  1.  FACS  profile  for  cell  cycle  analysis  with  ovarian  cancer  cells  that  were  grown  under  cell  culture  conditions  consisting  of 
increasing  serum  and  02  concentration. 


Cells 

Serum 

G1 

s 

G2 

3%  02 

21%  02 

p-value 

3%  02 

21%  02 

p-value 

3%  02 

21%  02 

p-value 

2% 

66.8±0.9 

62.5  ±0.2 

0.001 1 

25.6±1 

27.5±0.1 

0.02800 

7.6±0.4 

9.96±0.1 

0.0007 

A2780 

6% 

76.9±2.1 

64.3  ±0.7 

0.0006 

17.5  ±0.9 

29±0.1 

<0.0001 

5.6±1 .4 

6.7  ±0.6 

**NS** 

10% 

84.1  ±3.2 

69.5  ±1.4 

0.0028 

1 4.3  ±1.9 

26.5  ±1.3 

0.0080 

1 .5  ±  1 .3 

4±0.7 

0.041 1 

2% 

66.4±0.7 

60.2±0.4 

0.0001 

25.8±0.2 

29.3  ±0.6 

0.0006 

7.7±0.5 

10.4  ±0.3 

0.0017 

OVCAR5 

6% 

79±1.5 

70.2  ±0.5 

0.0014 

1 7.4±  1 .5 

25.1  ±0.9 

0.0015 

3.4  ±0.4 

4.7  ±0.6 

**NS** 

10% 

90.6±1.2 

84±1.6 

0.0077 

8.2  ±1.4 

14.6±1.5 

0.0052 

1.1  ±0.1 

1 .2±  2.1 

**NS** 

2% 

74.7  ±10.7 

69±1 

**NS** 

15.5  ±2.5 

23.7  ±0.6 

0.0052 

13.7±2.3 

6±0 

0.0043 

OVCAR8 

6% 

66±1 

59±1 

0.0010 

25.7  ±1.5 

30±0 

0.0079 

7±0 

9.7±0.6 

0.0013 

10% 

69  ±4.6 

61.7±1.5 

0.0582 

24.3  ±1.5 

30.7  ±1.2 

0.0045 

5.3±3.8 

6.3  ±0.6 

**NS** 

2% 

69.3  ±1.5 

58.7±2.1 

0.0020 

25  ±  1 

34±1 

0.0003 

4.3  ±1.5 

5.7  ±1.5 

**NS** 

HeyA8 

6% 

62.7±0.6 

53.7±1.5 

0.0006 

30.3  ±1.2 

37.3±2.5 

0.0118 

5.3±0.6 

8±3.5 

**NS** 

10% 

61 .7±  1 .2 

50.3±2.3 

0.0016 

30.7  ±1.2 

37.3  ±1.2 

0.0021 

6.7±2.3 

1 1  ±1.6 

**NS** 

2% 

80±1.7 

72.3  ±1.5 

0.0045 

15±0 

18.7  ±1.5 

0.0141 

5  ±  1 .7 

8±1 

**NS** 

HOC8 

6% 

80.3  ±1.2 

72.7±1.2 

0.0012 

1 5.3  ±1.5 

22.7  ±1.5 

0.0041 

3.3  ±1.5 

3.7±1.5 

**NS** 

10% 

78.7±2.5 

73.3±0.6 

0.0232 

16.3  ±0.6 

23.7  ±0.6 

<0.0001 

4.3±2.5 

3±1 

**NS** 

2% 

74±2 

62.1  ±1.7 

0.0014 

13.5±3.5 

27.7  ±1.2 

0.0026 

12±2 

10.3  ±2.5 

**NS** 

SKOV3 

6% 

76.7±1.5 

65.3±3.2 

0.0052 

1 4±  1 

25.7  ±1.5 

0.0003 

9.3  ±1.5 

9±2 

**NS** 

10% 

80.3  ±1.2 

68±1.7 

0.0005 

1 2.7  ±1.5 

26±1 

0.0002 

7±1 

6.3  ±0.6 

**NS** 

**NS**  "Not  Significant" 
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contradictory  to  the  known  inhibitory  role  of  14-3-3  ct  on  CDC2 
activity,  we  concluded  that  high  levels  of  14-3-3  cj  combined  with 
reduced  levels  of  CDC2  in  a  proliferating  cancer  cell  may  indicate  a 
lack  of  control  of  G2/M  progression  in  response  to  02  levels. 

To  clarify  the  consequence  of  the  low  levels  of  CDC2  protein 
observed  in  the  02-insensitive  cell  lines,  we  determined  the 
functional  activity  of  the  remaining  CDC2  by  examining  the 
phosphorylation  of  two  of  its  substrates,  RB  and  WEE1. 
Phosphorylation  of  RB  at  the  Ser  807  residue  is  mediated  by 
CDC2  [32],  and  we  observed  this  phosphorylation  regardless  of 
CDC2  levels  or  02  levels  with  10%  serum  for  all  cell  lines  except 
HOG8  (Figure  4B),  indicating  unimpaired  CDC2  activity  in  these 
cell  lines.  A  reduction  in  phosphorylated  RB  correlated  with 
reduction  of  serum  concentration  (Figure  4B)  and  correlated  with 
increased  accumulation  of  total  RB  in  the  02-sensitive  cell  lines 
(A2780,  OVCAR5  and  OVCAR8),  but  not  in  HOC8  (Figure  4B). 
Total  RB  was  barely  detectable  in  the  02-insensitive  cell  lines 
(HeyA8  and  SKOV3)  (Figure  4B),  with  the  exception  of  2%  serum  at 
3%  02  condition  in  the  FleyA8  cell  line.  Interestingly,  a  comparison 
between  the  RB  expression  pattern  (Figure  4B)  and  cell  proliferation 
(Figure  2)  revealed  that  HOC8,  HeyA8  and  SKOV3  cells  grow 
better  in  cell  culture  medium  with  a  low  concentration  of  serum  (2%) 
compared  to  A2780,  OVCAR5  and  OVCAR8.  It  therefore  appears 
that  the  total  RB  protein  level  response  remains  intact  in  02-sensitive 
cell  lines  and  that  this  response  is  probably  more  relevant  to  serum 
concentrations  than  02  levels.  The  other  target  for  CDC2-mediated 
inactivation  by  phosphorylation  is  WEE1,  which  can  also  recipro¬ 
cally  inhibit  CDC2  function  by  phosphorylation  [37].  We  observed 
increased  phosphorylation  of  WEE  1  in  the  02  sensitive  cell  lines 
(A2780,  OVCAR5  and  OVCAR8),  barely  detectable  levels  in 
F10C8,  (Figure  4B)  and  a  complete  absence  in  the  02-insensitive  cell 
lines  (HeyA8  and  SKOV3,  Figure  4B).  This  pattern  was  largely 


recapitulated  for  total  WEE1  protein  levels  (Figure  4B).  Therefore, 
the  absence  of  phospho-WEEl  in  the  02-insensitive  cell  lines  does 
not  indicate  an  absence  of  CDC2  activity,  but  rather  an  absence  of 
the  WEE1  substrate.  From  these  results  we  concluded  that  despite 
the  reduced  amounts  of  GDC2  in  the  02-insensitive  cell  lines,  CDC2 
is  functionally  active  and  uninhibited  by  the  increased  levels  of  14-3- 
3  ct.  It  should  be  noted  that  RB  and  CDC2  act  upon  each  other  to 
regulate  each  others  function  [38],  and  phosphorylation  status  of  RB 
[26]  or  CDC2  [39]  could  influence  E2F  mediated  expression  of 
cyclins  that  are  essential  for  cell  cycle  progression.  Therefore, 
considering  this  complex  relationship  between  RB  and  CDC2,  the 
phosphorylation  pattern  of  RB  is  insufficient  to  predict  G2/M 
progression. 

In  summary,  the  02-sensitive  cell  lines  (A2780,  OVCAR5  and 
HOC8)  showed  increased  expression  of  CDG2  and  cyclin  B 
combined  with  low  level  of  14-3-3  ct  expression.  This  suggests  that 
the  cell  cycle  components  required  for  a  dynamic  proliferative 
response  to  differences  in  the  02  concentration  is  present  in  these 
cell  lines.  However  in  the  02-insensitive  cell  lines  that  express  high 
levels  of  14-3-3  ct  and  low  levels  of  GDC2  and  CDC25C  such  a 
dynamic  cell  cycle  response  to  changes  in  02  concentration  could 
be  impaired.  We  therefore  pursued  the  possibility  that  this  inverse 
correlation  between  14-3-3  ct  and  CDC2  might  be  important  for 
the  02-sensitive  regulation  of  G2/M  transition. 

14-3-3  c>  and  mitotic  progression  in  oxygen  sensitivity 

Our  previous  observations  suggest  an  association  between 
elevated  level  of  14-3-3  ct  and  02-insensitivity  that  needs  to  be 
confirmed.  Therefore,  we  wanted  to  confirm  that  14-3-3  ct  does 
indeed  affect  02-dependent  proliferation.  For  this  part  of  the  study, 
we  restricted  our  analysis  to  two  cell  lines  with  wild  type  p53:  the 
02-sensitive  A2780  [40],  and  02-insensitive  HeyA8  cell  lines  [41]. 
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Figure  4.  Western  blot  analysis  of  G2  cell  cycle  regulatory  proteins  and  the  relevance  to  02  sensitivity  in  the  ovarian  cancer  cell 
lines.  Protein  lysates  prepared  from  the  ovarian  cancer  cell  lines  maintained  in  growth  medium  consisting  of  increasing  concentrations  of  serum  and 
21%  or  3%  02  were  analyzed  by  Western  blot.  (A)  Compared  to  02  sensitive  cell  lines,  decreased  expression  of  the  core  components  involved  in  G2/M 
cell  cycle  progression  CDC2/cyclin  B1  complex  and  its  activator  CDC25c  is  observed  in  the  02  insensitive  cell  lines  (indicated  by  asterisk  and  italics), 
while  the  expression  of  14-3-3  a,  a  protein  that  inhibits  CDC2  is  elevated  in  the  02  insensitive  cell  lines.  (B)  Phosphorylation  of  RB  and  Weel  were 
monitored  as  an  indicator  for  CDC2  function  because  both  RB  and  Weel  are  known  targets  for  phosphorylation  by  CDC2.  Equal  loading  of  protein 
extracts  were  monitored  by  probing  the  stripped  Western  blots  with  the  primary  antibody  for  p-actin. 
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So  far  we  have  used  Western  blot  analysis  to  monitor  the  overall 
expression  levels  of  14-3-3  ct  and  CDC2  (Figure  4A).  However, 
since  the  functional  responses  of  these  proteins  are  dependent  on 
their  cellular  localization,  we  used  immunofluorescence  to  deter¬ 
mine  their  cellular  location  under  3%  02  and  21%  02.  In  the  02- 
sensitive  A2780  cell  line,  the  localization  of  14-3-3  a  was  restricted 
to  the  cytoplasm  under  3%  02  (Figure  5A),  but  was  found  in  both 
the  nucleus  and  cytoplasm  at  21%  02  (Figure  5A).  CDC2  was 
distributed  throughout  the  cell  and  its  localization  was  unaffected  by 
02  concentration.  It  therefore  appears  that  nuclear  exclusion  of  1 4- 
3-3  ct  correlates  with  a  decreased  fraction  of  cells  in  the  G2/M 
phase  and  an  uninhibited  cell  cycle  progression  when  A2780  is 
grown  at  3%  02,  as  noted  before  (Table  1).  In  contrast,  the  02- 
insensitive  HeyA8  cell  line  showed  high  levels  of  14-3-3  a  and  low 
levels  of  CDC2  (Figure  4A),  with  a  considerable  amount  of  14-3-3  ct 
in  the  cytoplasm  (Figure  5A).  Further,  14-3-3  ct  remained  excluded 
from  the  nucleus  even  at  21%  02  in  the  HeyA8  cells  (Figure  5A). 
These  observations  were  further  verified  by  Western  blot  analysis  of 
nuclear  and  cytosolic  cell  fractions  obtained  from  these  cells 
(Figure  5B).  Finally,  to  confirm  the  effect  on  G2/M  transition,  we 
determined  the  proportion  of  those  cells  in  M  phase  for  different  02 
concentrations  using  the  mitosis  specific  marker  phospho-histone 
H3.  In  the  02-sensitive  A2780  cells,  under  21%  02,  we  observed  a 
decrease  in  the  mitotic  index  (P<0.001),  compared  to  3%  02 
(Figure  5C).  No  such  02-dependent  change  in  mitotic  index  was 
observed  for  the  02-insensitive  HeyA8  cells  (Figure  5C).  These 
results  support  our  initial  conclusion,  that  the  02-insensitive  cells 
lines  have  a  deficiency  in  regulating  cell  cycle  progression  at  G2/M 
in  response  to  increased  02  levels  (Figure  2). 


The  levels  and  cellular  localization  of  14-3-3  ct  correlate  with  02- 
sensitive  proliferation.  To  demonstrate  a  direct  relationship,  we 
examined  whether  over-expression  of  14-3-3  ct  could  render  02- 
sensitive  A2780  cells  insensitive  to  02  and  conversely  whether 
reducing  the  levels  of  14-3-3  ct  in  02-insensitive  HeyA8  cells  could 
restore  02-sensitivity.  Transient  over-expression  of  14-3-3  c  in 
A2780  cells  reduced  cell  proliferation  (Figure  5D)  and  resulted  in  loss 
of  02-sensitivity.  Therefore,  merely  increasing  14-3-3  ct  expression 
results  in  its  inability  to  regulate  G2/M  in  the  absence  of  any  further 
genetic  alterations.  Conversely,  RNAi-mediated  silencing  of  14-3-3 
ct  expression  in  HeyA8  cells  (Figure  5E  -  Western  blot)  resulted  in  a 
substantial  increase  in  proliferation  under  3%  02  (Figure  5E  -  Bar 
graph).  Interestingly,  when  the  cells  from  the  same  siRNA 
transfection  were  placed  at  21%  oxygen,  14-3-3  ct  protein 
expression  was  induced,  reducing  the  knockdown  effect  of  the 
siRNA.  This  observation  also  suggests  an  02-dependent  transcrip¬ 
tional  response  by  14-3-3  ct.  Despite  this  transcriptional  response, 
we  still  observed  a  muted  growth  phenotype  at  2 1  %  02  under  these 
conditions.  Together  these  experiments  demonstrate  that  14-3-3  ct  is 
a  critical  factor  for  controlling  ovarian  cancer  cell  proliferation  in 
response  to  02  concentration. 

14-3-3  c>  is  frequently  highly  expressed  in  ovarian  cancer 
and  its  ineffectiveness  in  controlling  CDC2  is  relevant  to 
ovarian  tumor  pathology 

Considering  that  increased  expression  of  14-3-3  ct  provides 
some  indication  of  impaired  G2/M  control,  it  is  possible  that 
cancer  cell  lines  that  express  high  levels  of  14-3-3  ct  are  02- 
insensitive.  The  02-insensitive  ovarian  cancer  cell  lines  we  have 
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Figure  5.  14-3-3  sand  02  sensitivity.  (A)  Cellular  localization  by  immunofluoresence  shows  that  14-3-3  a  (Green)  is  located  in  the  cytoplasm  and 
CDC2  (Red)  is  present  in  the  nucleus  (Blue).  Compared  to  02  sensitive  A2780  cells,  the  level  of  14-3-3  a  is  higher  and  CDC2  is  low  in  the  02  insensitive 
HeyA8  cells.  In  the  02  sensitive  A2780,  14-3-3  a  is  localized  both  in  the  nucleus  and  cytoplasm  at  21%  02.  (A  dotted  yellow  line,  outlines  a 
representative  nuclei  to  indicate  relative  localization  of  14-3-3  a  and  CDC2  in  these  cells).  (B)  Western  blot  analysis  of  nuclear  and  cytoplasmic 
fractions  show  low  levels  of  14-3-3  a  in  the  nucleus  compared  to  cytoplasm,  with  increased  amounts  of  14-3-3  a  being  present  in  the  cytoplasm  of 
the  02  insensitive  HeyA8  cells.  The  level  of  CDC2  is  higher  both  in  the  nucleus  and  cytoplasm  of  the  02  sensitive  A2780,  but  present  in  lower  amount 
only  in  the  nucleus  of  02  insensitive  HeyA8  cells.  Histone  HI  and  (3— actin  were  used  as  loading  controls  for  nuclear  and  cytoplasmic  fractions, 
respectively.  (C)  Mitotic  cells  were  determined  by  counting  the  cells  that  stained  positively  for  a  mitosis  specific  marker,  Phospho-Histone  H3  from  the 
total  cell  population.  Mitotic  fractions  present  at  3%  or  21%  02  were  counted  in  both  A2780  and  HeyA8  and  represented  as  bar  graph.  A  significant 
increase  in  mitotic  index  (p>0.001,  indicated  by  asterisk)  was  observed  in  the  02  sensitive  A2780  at  3%  02,  but  not  in  the  02  insensitive  HeyA8  cells. 
(D)  Over-expression  of  14-3-3  a  in  the  02  sensitive  A2780  (Western  Blot)  results  in  loss  of  02  sensitivity  (Bar  graph).  For  the  cells  transfected  with 
empty  vector  (mock  transfection)  or  14-3-3  a  over-expression  construct,  the  percent  of  cell  proliferation  was  compared  with  proliferation  of  mock 
transfected  cells  grown  under  standard  tissue  culture  conditions  consisting  of  21%  02  (ambient),  and  (E)  in  the  converse  experiment  performed  with 
02  insensitive  HeyA8,  reducing  the  levels  of  14-3-3  a  by  siRNA  (Western  blot)  results  in  restoration  of  02  sensitivity  (Bar  graph).  For  the  cells 
transfected  with  scrambled  siRNA  (mock  transfection)  or  siRNA  against  14-3-3  a,  the  percent  of  cell  proliferation  was  compared  with  proliferation  of 
mock  transfected  cells  grown  under  standard  tissue  culture  conditions  consisting  of  21%  02 
doi:1 0.1 371/journal.pone.OOI  5864.g005 


thus  far  characterized  have  high  14-3-3  ct  (Figure  5A)  and  low 
CDC2  protein  levels.  It  is  conceivable  that  the  same  phenotypic 
defect  might  result  from  cells  with  unchecked  CDC2  activity, 
irrespective  of  14-3-3  ct  levels.  To  determine  the  frequency  of 
commonly  available  cancer  cell  lines  that  have  the  hallmarks  of 
02-insensitivity,  we  used  a  reverse  phase  protein  array  (RPPA)  and 
screened  57  different  ovarian  cancer  cell  lines  for  the  levels  of 
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14-3-3  ct  and  CDC2,  as  well  as  phospho-RB  as  an  indicator  of 
CDC2  activity.  Cell  lines  with  the  same  name  but  from  different 
labs  or  different  passages  were  considered  to  be  different.  We 
therefore  set  the  analysis  criteria  on  the  RPPA  array  to  detect  high 
phospho-RB  (P-RB)  and  either  high  14-3-3  ct  or  high  CDC2.  In 
the  context  of  high  levels  of  P-RB,  this  criteria  should  indicate  that 
either  14-3-3  cris  dysfunctional  or  that  active  CDC2  is  uninhibited, 
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perhaps  due  to  methylated  14-3-3  a  or  inhibition  of  CDC2 
degradation  [42]  We  observed  that  of  the  57  ovarian  cancer  cell 
lines  represented  in  the  RPPA,  28  cell  lines  (49%)  showed  high 
levels  of  14-3-3  ct  (Figure  6A)  of  which  16  cell  lines  (28%)  also  had 
increased  P-RB,  corresponding  to  the  02  insensitivity  pattern  we 
have  described.  Amongst  these  16  cell  lines,  6  also  have  increased 
levels  of  CDC2  while  the  remainder  had  decreased  levels  of 
CDC2.  This  suggests  that  this  protein  profile  is  not  exclusive  to  the 
cell  lines  we  originally  identified  and  might  be  representative  of  a 
relatively  common  phenomenon.  We  therefore  determined 
whether  this  02-insensitive  associated  14-3-3  ct/CDC2/P-RB 
protein  profile  is  also  observed  in  ovarian  tumor  samples.  Using 
the  same  criteria  as  with  the  cell  line  RPPA,  we  examined  205 
ovarian  tumor  specimens  using  RPPA.  This  analysis  revealed  that 
27%  of  ovarian  tumors  (56)  had  elevated  levels  of  both  14-3-3  ct 
and  P-RB,  and  amongst  these,  34  also  had  elevated  levels  of 
CDC2  expression  (Figure  6B).  These  results  are  very  comparable 
with  the  RPPA  analysis  of  the  ovarian  cancer  cell  lines  (Figure  6A). 

Ovarian  cancer  has  a  poor  survival  rate  and  this  is  often 
associated  with  metastatic  progression  [43],  The  02-insensitive 
associated  14-3-3  ct/CDC2/P-RB  protein  profile  suggests  an 
unrestricted  G2/M  control  in  response  to  changes  in  02  levels, 
such  as  a  migrating  or  metastatic  cancer  would  encounter. 
Therefore,  it  is  possible  that  this  protein  profile  is  associated  with 
poor  prognosis.  Using  the  02-insensitive  associated  protein  profile 
(high  P-RB  with  either  high  14-3-3  ct  or  high  CDC2)  we  identified 
47  of  158  tumors  with  associated  clinical  data.  A  Kaplan-Meier 
survival  estimate  shows  that  patients  with  the  02-insensitive 
associated  protein  profile  have  a  poor  survival  outcome  (less  than 
90  months  compared  to  200  months  observed  otheiwise, 
p  =  0.016,  Figure  6C).  Altogether  it  appears  that  the  02-insensitive 
associated  protein  profile  suggests  that  unrestricted  G2/M 
accompanies  a  substantial  proportion  of  ovarian  cancer  cells  and 
primary  tumor  samples.  Further,  this  02-insensitive  profile  is 
associated  with  poor  prognosis  for  this  disease. 

Elevated  14-3-3  a  expression  in  metastatic  ovarian 
tumors 

Flaving  observed  that  the  02-insensitive  associated  protein 
profile  (high  P-RB  with  either  high  14-3-3  a  or  high  CDG2)  is 
both  relatively  common  in  ovarian  cancer  and  associated  with 
poor  prognosis,  we  went  on  to  determine  directly  whether 
metastatic  ovarian  tumors  exhibit  an  overt  14-3-3  ct  signature. 
Of  note,  the  ovarian  tumors  represented  in  the  ovarian  tumor 
RPPA  are  from  primary  sites  and  thus  do  not  necessarily  provide 
an  accurate  representation  of  the  protein  profile  in  the  metastatic 
cancer.  We  therefore  expect  that  metastatic  tumors  or  primary 
tumors  that  give  rise  to  metastatic  tumors  will  exhibit  a  more  overt 
14-3-3  ct  signature  than  primary  tumors.  In  fact,  an  increased 
expression  of  14-3-3  ct  has  been  previously  reported  with  other 
tumors  [44]  and  a  functional  involvement  for  14-3-3  ct  in 
metastatic  disease  is  known  [45,46].  We  analyzed  14-3-3  ct 
expression  using  immunohistochemistry  on  paraffin  embedded 
tissues  obtained  from  10  different  metastatic  ovarian  tumors  and 
their  corresponding  primary  site  tumors.  We  consistently  observed 
intense  immunostaining  of  14-3-3  ct  in  8/10  metastatic  tumors 
and  the  corresponding  primary  tumors  (Figure  7 j-t).  In  contrast, 
the  primary  tumors  without  metastasis  at  diagnosis  showed 
moderate  immunostaining  for  14-3-3  a,  and  occasionally  intense 
staining  was  also  noted  (Figure  7 i).  Borderline  tumors  showed  a 
mild  to  moderate  staining  pattern  for  14-3-3  a,  while  in  normal 
tissues,  protein  levels  were  absent  or  diffusely  present  (Figure  7  a- 
c).  Increased  expression  of  14-3-3  ct  in  the  metastatic  primary 
tumors  compared  to  normal  tissue  or  malignant  tumors  without 


metastasis  were  observed  to  be  statistically  significant  by  the 
Fisher’s  exact  test  (Figure  7,  Bar  Graph).  The  high  level  of  14-3-3 
a  expression  offers  the  first  indication  of  the  manner  in  which 
regulation  of  G2/M  may  be  dysfunctional  in  these  tumors. 

Over-expression  of  14-3-3  a  in  metastatic  disease  is  not 
unexpected  and  has  been  previously  noted  [45,46,47],  However, 
we  speculate  the  reason  for  this  association  is  due  to  a  loss  of  02- 
sensitivity  and  that  this  provides  a  selective  advantage  for 
metastatic  progression.  Our  conclusion  is  that  02-sensitive  and 
insensitive  patterns  of  14-3-3  ct  and  CDC2  expression  are  readily 
detectable  and  common  to  cancer  cells,  regardless  of  whether  they 
are  grown  in  vivo  or  in  vitro.  Further,  these  expression  patterns  may 
have  prognostic  implications,  but  additional  experiments  will  be 
required  to  confirm  the  mechanistic  relevance  of  02-sensitivity  in 
the  clinical  progression  of  cancer. 

Discussion 

There  is  an  increasing  interest  to  study  cell  biology  under  the 
context  of  physiological  02  levels.  Investigations  with  primary 
mouse  embryonic  fibroblasts  comparing  the  effects  of  physiological 
(3%)  and  ambient  (21%)  oxygen,  show  that  21%  02  causes 
increased  oxidative  stress  and  induces  senescence  [4],  Several 
studies  conducted  with  embryonic  stem  (ES)  cells  reported  that 
characteristic  stem  cell  properties  are  preserved  only  when  ES  cells 
are  maintained  under  physiological  02-  ES  cells  otherwise 
differentiate  under  ambient  02  as  reviewed  in  [2].  This  prompted 
us  to  investigate  the  effects  of  physiological  (3%)  and  ambient 
(2 1  %)  oxygen  in  the  context  of  cancer.  With  A2780  ovarian  cancer 
cells  grown  under  21%  or  3%  02,  a  20%  growth  suppression  was 
observed  with  2 1  %  02  by  three  days  (Figure  2)  and  although  the 
proportional  changes  to  cell  cycle  profile  appear  small,  they  were 
significant  (Table  1).  The  accumulated  effect  of  these  differences  in 
proliferation  and  cell  cycle  resulted  in  a  2.6  fold  difference  to  the 
growth  of  the  cancer  cells  by  1 2  days  in  the  presence  of  different 
02  concentrations  (Figure  1).  This  observation  demonstrates  that 
standard  tissue  culture  conditions  may  adversely  impact  the  in  vitro 
proliferation  of  cancer,  which  is  primarily  a  disease  of  prolifera¬ 
tion.  Previous  studies  compared  the  growth  of  primary  mouse 
embryonic  fibroblast  cells  [4],  adult  human  fibroblasts  [48]  and 
human  cancer  cells  [8]  grown  under  physiological  (3—5%)  or 
ambient  (2 1  %)  02  and  observed  increased  cell  proliferation  under 
physiological  02.  In  this  study,  we  observed  similar  effects  with 
ovarian  cancer  cells  (A2780,  OVCAR5,  OVCAR8  and  HOC8  - 
Figure  2),  however  other  cells  lines  failed  to  respond  to  02 
concentration  (HeyA8  and  SKOV3)  (Figure  2).  These  proliferative 
responses  to  02  seem  to  affect  all  phases  of  the  cell  cycle, 
particularly  the  G1  and  S  phases  of  cell  cycle,  in  all  cell  lines. 
However,  only  the  G2  phase  was  affected  in  cell  lines  which 
displayed  proliferative  response  to  3%  02  (Table  1),  suggesting  the 
possibility  that  the  G2  phase  transition  of  the  cell  cycle  is  crucial 
for  regulating  proliferation  in  response  to  differences  in  3%  02 
levels.  A  change  in  the  G2  phase  in  response  to  02  levels  was 
reported  in  only  one  other  study  performed  with  Fanconi  anemia 
(FA)  cell  lines  [49],  Analogous  to  our  study,  the  experiments  with 
FA  cells  demonstrated  a  characteristic  G2  delay  with  standard 
tissue  culture  conditions  (20%  02),  but  a  reduced  proportion  of 
cells  in  G2  and  increased  proliferation  when  cultured  at  5%  02 
[49].  Furthermore,  growth  of  different  human  fibroblast  cells 
under  physiological  02  has  also  been  observed  to  be  accompanied 
by  a  reduction  in  the  G2  cell  population  [27,48].  Overall,  it 
appears  that  the  G2  phase  is  the  most  02-sensitive  phase  of  the  cell 
cycle.  Exploring  the  possible  molecular  mechanisms  that  render 
ovarian  cancer  cells  either  sensitive  or  insensitive  to  oxygen  has 
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Figure  6.  Reverse  phase  protein  array  data  analysis.  (A)  Hierarchical  clustering  of  normalized  RPPA  data  over  Phospho-RB  (Ser  807/81 1 ),  1 4-3-3 
a,  CDC2  and  p53  across  57  ovarian  cancer  cell  lines.  (B)  Hierarchical  clustering  of  normalized  RPPA  data  over  Phospho-RB  (Ser  807/811),  14-3-3  a, 
CDC2  and  p53  across  205  ovarian  tumors.  The  color  codes  for  overall  survival  represents  overall  survival  >24  months  (blue)  and  overall  survival  <24 
months  (pink).  The  color  codes  for  tumor  stage  represent  stage  I  (red),  stage  II  (green),  stage  III  (light-blue)  and  stage  IV  (dark-blue).  (C).  Kaplan-Meier 
survival  curve  for  the  RPPA  results  comparing  the  group  of  ovarian  tumors  with  high  Phospho-RB  and  high  14-3-3  cr  or  CDC2  (blue  line)  with  other 
expression  profiles  (red  line). 
doi:1 0.1 371/journal.pone.OOI  5864.g006 


clearly  demonstrated  that  it  is  14-3-3  a  and  its  inability  to  control 
CDC2  dependent  G2/M  transition  in  response  to  02  levels  that 
results  in  oxygen-insensitive  cell  lines.  Although  expression  of  14- 
3-3  ct  is  regulated  by  p53  [25],  we  observed  no  difference  in  the 
levels  of  p53  expression  under  different  oxygen  concentrations 
(Figure  SI),  suggesting  that  the  involvement  of  14-3-3  c  in  02- 
sensitivity  is  independent  of  p53.  If  the  decrease  in  14-3-3  a  is 
associated  with  oxygen-sensitive  increase  in  proliferation,  then 
silencing  the  expression  of  14-3-3  ct  in  oxygen-insensitive  cell  lines 
should  restore  proliferative  sensitivity  to  oxygen.  In  fact,  our 
experiments  show  that  RNAi  mediated  silencing  of  14-3-3  a  in 
HeyA8  cells  restored  oxygen  sensitivity  (Figure  5E)  and  in  a 


converse  experiment,  over-expression  of  14-3-3  ct  abolished 
oxygen  sensitivity  in  the  A2780  cell  line  (Figure  5D).  This  suggests 
that  high  levels  of  14-3-3  ct  protein  is  sufficient  to  restrict  the 
regulation  of  CDG2  mediated  G2/M  progression.  The  cytoplas¬ 
mic  restriction  of  overexpressed  14-3-3  ct  in  the  02-insenstive 
HeyA8  cells  provides  the  first  indication  for  the  possible 
mechanistic  basis  of  this  dysregulation  (Figure  5A).  Other  reports 
also  show  preferential  changes  to  cellular  localization  of  14-3-3  ct 
during  different  phases  of  the  cell  cycle  [50],  suggesting  that  cell 
cycle  changes  observed  with  oxygen  could  be  relevant  to  the  14-3- 
3  ct  localization  and  pattern  in  our  experiments.  Furthermore,  14- 
3-3  ct  is  actively  exported  out  of  nucleus  by  CRM1,  [51],  a  nuclear 
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Figure  7.  14-3-3  o  expression  and  ovarian  tumor  metastasis.  Immunohistochemical  analysis  of  14-3-3  a  in  ovarian  tissues  show  negative 
(hematoxylin  stained  blue  nucleus)  to  diffuse  staining  pattern  for  14-3-3  cr  (brown)  in  normal  ovarian  tissues  (a-c),  and  a  moderate  increase  in  the 
staining  intensity  localized  to  the  cytoplasm  is  observed  in  the  borderline  ovarian  tumors  (d-f).  In  the  malignant  tumors  without  any  metastatic 
disease  at  diagnosis,  14-3-3  a  expression  was  either  absent  (g),  or  stained  at  moderate  to  intense  levels  (h-i),  with  occasional  nuclear  staining  (i). 
Intense  nuclear  and  cytoplasmic  staining  for  14-3-3  o  was  observed  in  ovarian  tumors  with  metastatic  disease,  obtained  from  the  primary  site  of  the 
disease,  and  a  moderate  to  intense  staining  for  14-3-3  a  in  the  cytoplasm  or  both  nucleus  and  cytoplasm  of  the  corresponding  tumors  obtained  from 
the  metastatic  site  was  observed  [site  of  metastasis  -  (m)  appendix,  (n)  lymph  node  and  (o)  omentum].  The  quantitative  relationship  between  14-3-3 
a  expression  and  various  stages  of  ovarian  cancer  progression  is  represented  in  the  bar  graph,  and  the  statistical  analysis  for  correlation  of  expression 
with  pathological  grades  were  determined  by  a  Fisher's  exact  test. 
doi:1 0.1 371/journal.pone.OOI  5864.g007 


protein  that  is  frequently  over-expressed  in  ovarian  cancer  [52] .  A 
host  of  other  factors  such  as,  BRCA1,  p63  and  estrogen  induced 
zinc  finger  protein  (EFP)  are  also  known  to  regulate  the  levels  of 
14-3-3  ct  [53].  Therefore,  it  is  possible  that  14-3-3  ct  expression 
and  its  cellular  distribution  could  be  influenced  by  several  factors, 
independent  of  p53  (as  must  be  the  situation  in  the  Oz  insensitive 
p53  null  cell  line  SKOV3). 

The  differences  in  02-sensitivity  and,  consequently,  cell 
proliferation  is  most  important  when  trying  to  recapitulate  in  vivo 
responses  where  physiological  02  tensions  vary  from  2.7-5%  in 
the  interstitial  space  (where  many  cancer  cells  reside)  to  14.7%  in 
the  arterial  circulation  and  lung  [18].  Thus,  it  is  reasonable  to 
predict  that  if  02-sensitive  cancer  cells  were  to  dislodge  from  a 
primary  interstitial  space  and  migrate  to  the  lungs  via  blood 
circulation,  the  increased  02  concentration  would  restrict 
proliferation.  In  contrast,  we  speculate  that  oxygen  insensitive 
cancer  cells  would  have  a  selective  advantage  compared  to 
sensitive  ones,  being  better  able  to  thrive  in  the  conditions  of 
increased  oxygen  concentration.  In  fact,  14-3-3  a  is  frequently 
over-expressed  in  many  thyroid  [54],  colorectal  [55]  and  prostate 
[56]  tumors,  and  is  also  a  potential  target  for  therapeutic 
modulation  [55,56],  Our  results  provide  one  rationale  for  selecting 
the  cancers  best  suited  for  14-3-3  ct  targeted  therapy.  Oxygen 
insensitivity  observed  in  HeyA8  or  SKOV3  is  less  likely  an 
adaptation  to  in  vitro  growth  conditions  because  transient  over¬ 
expression  of  14-3-3  ct  renders  02-sensitive  A2780  cell  line 
insensitive  to  increased  levels  of  02  (Figure  5D),  and  over¬ 
expression  of  14-3-3  ct  is  observable  in  primary  tumors  with 
metastatic  potential  (Figure  7).  Oxygen  sensitivity  could  therefore 
be  an  important  factor  in  the  context  of  metastatic  spread  of 


cancer  because  over-expression  of  14-3-3  ct  is  frequently  observed 
in  metastatic  cancers,  including  this  study  (Figure  7)  and  others 
(gastric  [57],  endometrial  [58]  and  pancreatic  [59]).  However, 
epigenetic  inactivation  of  14-3-3  ct  by  gene  methylation  has  also 
been  reported  to  correlate  with  decreased  expression  of  14-3-3  ct 
in  cancer  progression  [60]  and  metastasis  of  certain  types  of 
tumors  [61].  Further,  a  correlation  with  a  functional  role  for  14-3- 
3  ct  in  promoting  tumor  invasion  and  metastasis  has  also  been 
demonstrated  [45,47,62].  Taken  together,  diere  is  ample  evidence 
to  support  that  over-expression  of  14-3-3  ct  is  relevant  to  tumor 
metastasis  and  therefore,  it  is  likely  that  02  insensitivity  associated 
with  over-expression  of  14-3-3  ct  may  have  a  pivotal  role  in 
metastatic  dissemination  of  tumors.  Further  support  to  demon¬ 
strate  the  explicit  role  of  14-3-3  ct  in  in  vivo  02  sensitivity  and  its 
relevance  to  metastasis  would  require  experiments  with  animal 
models. 

In  conclusion,  there  are  many  advantages  to  studying  cancer 
biology  under  physiological  02.  In  fact,  compared  to  cell 
propagation  under  physiological  02,  ambient  02  levels  are 
expected  to  result  in  oxidative  stress  [4],  mutation  proneness  and 
persistence  of  transformation  [63].  In  this  context,  we  have 
demonstrated  that  growing  cancer  cells  in  vitro  at  low  physiological 
02  (not  hypoxia),  compared  with  ambient  (2 1  %)  02  is  a  prudent 
approach  to  identify  and  understand  some  of  the  behavioral 
diversity  observed  in  cancer. 

Materials  and  Methods 

Cell  culture  and  Transfection 

Ovarian  cancer  cells  were  grown  in  RPMI  1640  (A2780, 
OVCAR5,  OVCAR8,  SKOV3)  or  DMEM  (HeyA8  and  HOC8) 
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supplemented  with  10%  heat  inactivated  Fetal  Bovine  Serum 
(Sigma  Aldrich,  St.Louis,  MO,  Cat^  F6178)  and  200  units  of 
penicillin/streptomycin  and  0.5  |tg  amphotericin-B.  Transfection 
was  performed  using  Amaxa  Nucleofector  technology  (Lonza)  as 
described  previously  [64],  Plasmid  pcDNA  3.0  HA  14-3-3  ct  was 
obtained  from  Addgene  (plasmid  1 1946  [65])  and  pcDNA  3.0  HA 
empty  vector  was  a  gift  front  Dr.  Y.  Shiio,  UTHSCSA.  14-3-3  ct 
siRNA  and  non-targeting  dsRNA  were  purchased  from  Dharma- 
con.  For  oxygen  exposures  we  used  Forma  Series  II  3110  water- 
jacketed  multigas  incubator  (Thermo  Fisher  scientific,  Waltham, 
MA)  with  built-in  C02  and  02  monitors  and  controllers.  To 
maintain  3%  02,  the  incubator  received  an  additional  supply  of 
nitrogen  gas. 

Cell  proliferation 

Cell  proliferation  was  determined  using  Celltitre-Glo  (Promega, 
Madison,  WI)  per  manufacturer  instructions,  as  described  previ¬ 
ously  [64],  Cells  were  seeded  to  a  final  density  of  100,  200  or  400 
cells  per  well  in  a  384  well  plate  containing  40  pi  of  growth  medium 
consisting  of  2%,  6%  or  10%  FBS  and  antibiotics.  Plates  were  then 
placed  in  a  humid  chamber  and  returned  to  the  incubators  of 
appropriate  oxygen  pressure.  After  3  days  of  incubation,  the 
number  of  cells  present  per  well  was  measured  using  Celltitre-Glo 
reagent,  as  described  previously  [64],  The  number  of  cells  per  well 
was  determined  using  a  standard  curve  based  on  ATP  concentra¬ 
tion,  as  recommended  by  the  manufacturer. 

Mitotic  Index 

The  number  of  mitotic  cells  were  quantified  based  the  method 
as  described  [66] .  Briefly,  96  well  collagen  coated  plates  were  used 
to  seed  cells  at  a  final  concentration  of  1000  cells/well  in  their 
respective  media.  Cells  were  then  incubated  for  three  days  at  37°C 
in  3%  or  21%  02.  Finally,  cells  were  washed,  resuspended  in 
phosphate  buffered  saline  and  stained  with  DAPI,  as  described 
[66] .  Images  of  stained  cells  were  acquired  using  a  Zeiss  Axiovert 
200M  inverted  fluorescent  microscope  using  10X  magnification 
and  Openlab  (PerkinElmer)  image  acquisition  software.  Using 
Image  J,  a  set  threshold  for  staining  intensity  was  used  to  count  the 
brightly  stained  nuclei,  with  obvious  chromatin  condensation  and 
the  mitotic  index  was  determined  based  on  the  ratio  of  number  of 
mitotic  cells  present  in  1000  cells,  as  described  [66], 

Protein  isolation  and  Western  blot  analysis 

Protein  lysates  and  western  blot  analysis  were  preformed  as 
previously  described  [64] .  The  immunoblots  were  probed  with  the 
appropriate  dilutions  of  primary  antibody  and  visualized  using 
either  Lumiglo  (Cell  signaling  technology)  or  the  ECL  plus  system 
(GE  Healthcare)  with  the  appropriate  horseradish  peroxidase- 
conjugated  secondary  antibody.  The  primary  antibodies  used  were 
Phospho  -  p53  (Ser  15),  total  p53,  Phospho  -  CDC2  (Tyr  15)  and 
Total  CDC2,  Phospho  -  Cyclin  B1  (Ser  133),  total  Cyclin  Bl, 
Phospho  -  CDC25C  (Thr  160),  total  CDC25C,  Phsopho  RB  (Ser 
807/811),  total  RB,  Phospho  -  WEE1  (Ser  642)  and  total  WEE1 
(Cell  signaling  technology),  p21,  14-3-3  ct  (Millipore)  and  (3-actin 
(Abeam).  Primary  antibody  dilutions  were  used  as  per  manufac¬ 
turer  instructions.  RB  and  WEE1  immunoblots  were  performed 
using  4—15%  gradient  gel  (Criterion  precast  gel,  Biorad). 

Flow  Cytometry 

Cells  were  tiypsinized  and  seeded  to  a  final  density  of  1  xlO6 
cells  per  well  in  a  10  cm  dish  containing  growth  medium, 
antibiotics  and  appropriate  concentrations  of  FBS.  Dishes  were 
then  returned  to  the  incubators  set  for  the  different  oxygen 


conditions.  Following  three  days  of  incubation,  cells  were 
harvested  and  prepared  for  FACS  analysis  as  described  previously 
[67].  Experiments  were  performed  in  triplicate.  Stained  cells  were 
analyzed  using  a  FACS  Canto  I  (BD  Biosciences)  flow  cytometer 
using  an  argon  laser  at  488  nm  wavelength.  Cell  cycle  analysis  was 
performed  using  Modfit  LT  (version  3.2)  software  (Verity  Software 
House). 

Quantification  of  M  phase  cells 

The  number  of  cells  in  M  phase  were  quantified  based  on 
mitosis-specific  histone  H3  phosphorylation  in  the  ovarian  cancer 
cell  lines  using  the  Cellomics®  Cell  Cycle  Kit  I  (Thermo  Scientific) 
as  per  the  manufacturer’s  recommended  protocol.  Briefly,  96  well 
collagen  coated  plates  were  used  to  seed  cells  at  a  final 
concentration  of  1000  cells/well  in  their  respective  media.  Cells 
were  then  incubated  for  three  days  at  37°C  in  3%  or  21%  02. 
Control  wells  were  treated  with  1.5  pg/ml  nocodazole  (Sigma 
Aldrich)  for  16  hours,  fixed  with  16%  formaldehyde,  permeabi- 
lized,  blocked  and  stained  with  reagents  consisting  anti-phospho- 
histone  H3  primary  antibody,  as  per  instructions  provided  in  the 
kit.  Stained  cells  were  analyzed  with  a  Zeiss  Axiovert  200M 
inverted  fluorescent  microscope  using  10X  magnification  and 
Openlab  (PerkinElmer)  image  acquisition  software.  100-250  cells 
per  replicate  were  counted  for  phospho-histone  H3  positive  cells. 

Immunolocalization  of  14-3-3  a  and  CDC2 

A2780  cells  transfected  with  a  14-3-3  ct  cDNA  expression 
construct  or  HeyA8  cells  transfected  with  14-3-3  ct  siRNA  were 
seeded  at  a  final  density  of  105  cells  per  fibronectin  (Sigma)  coated 
12.5  mm2  glass  coverslip  mounted  in  each  well  of  a  12-well  plate. 
Cells  were  maintained  in  complete  growth  medium  supplemented 
with  10%  fetal  bovine  serum  and  allowed  to  grow  for  three  days  in 
the  presence  of  21%  or  3%  oxygen.  For  the  detection  of  14-3-3  ct 
or  CDC2  by  immunofluorescence,  cells  were  processed  as 
described  previously  [68].  The  primary  antibodies  used  were 
mouse  monoclonal  14-3-3  ct  at  1.0  pg/mL  (Upstate)  and  rabbit 
polyclonal  total  CDC2  at  1: 1000  (Cell  Signaling).  Following  a  PBS 
wash,  the  cells  were  incubated  with  secondary  antibodies,  goat 
anti-mouse  AlexaFluor  488  and  goat  anti-rabbit  AlexaFluor  568 
(Invitrogen)  at  1:1000  dilution  in  blocking  buffer  for  1  hour  at 
room  temperature.  Cells  were  then  counterstained  with  DAPI 
(1:3000  dilution  in  PBS)  and  mounted  onto  microscope  slides  using 
Fluoromount-G.  Images  were  taken  at  63X  magnification  using 
the  Zeiss  Axiovert  200M  inverted  fluorescent  microscope  and 
Openlab  software  (PerkinElmer). 

Reverse  Phase  Protein  Array 

Protein  lysates  from  57  cancer  cell  lines  or  205  primary  ovarian 
cancer  tumors  were  spotted  in  RPPA  slides  and  processed  for 
expression  analysis,  as  described  previously  [69,70],  Data 
acquisition  and  processing  were  performed  as  described  previously 
[69].  Ovarian  cancer  specimens  were  obtained  from  Gynecology 
Tumor  Tissue  Bank  at  MD  Anderson  Cancer  Center,  following 
approval  from  the  Institutional  Review  Board  (BT). 

Normalization  and  Clustering 

log-transformed  RPPA  data  was  first  examined  to  remove  non 
ovarian  cancer  cell  lines.  We  then  examined  all  replicated 
representations  from  the  same  source  as  annotated  to  reduce 
down  to  57  ovarian  cancer  cell  lines  or  205  patient  samples  (from 
each  source)  by  taking  the  median  protein  expression  level  of  all 
replicates.  An  additional  cell-line  specific  normalization  step  was 
performed  in  which  median  expression  levels  for  each  protein  was 
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first  determined  and  then  subtracted  from  individual  RPPA 
experiments.  The  anchored  heatmap  (termed  after  anchored 
over/under-expression  orientation)  was  generated  by  requiring 
RB,  14-3-3  a  and  CDC2  to  be  arranged  from  over-expressed  to 
under-expressed  recursively  from  the  given  cell-line  order,  but 
exact  positions  of  each  protein  was  determined  by  hierarchical 
clustering  algorithm  with  Euclidean  distance  as  similarity  measure 
and  average  lineage  from  all  cell-lines,  as  shown  in  Figure  6  A&B). 
Raw  data  obtained  from  RPPA  for  the  expression  of  Phospho  RB, 
14-3-3  a  and  CDC2  is  provided  in  the  supplementary  tables  (for 
ovarian  cancer  cell  lines,  see  Table  S2,  and  for  ovarian  cancer 
patient  specimens,  see  Table  S3) 

Immunohistochemistry 

Tissue  arrays  (OV951-1)  consisting  of  normal  and  malignant 
tissues  from  primary  or  metastatic  sites  were  purchased  from  US 
Biomax  Inc.  Slides  were  processed  for  immunohistochemistry  and 
analyzed,  as  described  previously  [71].  14-3-3  ct  (Upstate)  was 
used  at  1:50  dilution  for  incubation  with  primary  antibody  and 
subsequent  steps  were  performed  using  the  Dako  universal  LSAB 
kit  with  DAB  as  described  by  the  manufacturer. 

Statistical  Analyses 

To  determine  significant  differences  to  proliferation  under  3%  or 
2 1  %  02,  a  Student  t-test  was  performed,  and  AJVOVA  was  performed 
to  compare  the  different  cell  cycle  profiles  with  the  panel  of  ovarian 
cancer  cell  lines.  Kaplan-Meier  survival  analysis  with  p-value 
determined  with  log-rank  test  was  performed  using  MATLAB 
(Mathworks,  Natick,  MA)  for  RPPA  data  consisting  patient 
specimens.  For  Kaplan-Meier  survival  analysis  the  data  was 
censored  based  on  patient’s  vital  status.  Statistical  analysis  for  the 
correlation  of  14-3-3  ct  expression  with  the  various  pathological 
grades  of  ovarian  tumors  determined  based  on  immunohistochem¬ 
istry  was  analyzed  by  a  Fisher’s  exact  test  using  R. 

Supporting  Information 

Figure  SI  Western  blot  analysis  of  phospho  and  total 
p53,  and  p21,  which  are  major  upstream  regulators  of 
G2/M  cell  cycle  progression  and  the  relevance  to  21%  or 
3%  02  in  ovarian  cancer  cells.  02  insensitive  cell  lines  are 
indicated  by  asterisk  and  italics. 

(EPS) 
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ABSTRACT 

Recent  studies  suggest  that  PARP1  inhibitors, 
several  of  which  are  currently  in  clinical  trial,  may 
selectively  kill  BRCA1/2  mutant  cancers  cells.  It  is 
thought  that  the  success  of  this  therapy  is  based  on 
immitigable  lethal  DNA  damage  in  the  cancer  cells 
resultant  from  the  concurrent  loss  or  inhibition  of 
two  DNA  damage  repair  pathways:  single-strand 
break  (SSB)  repair  and  homologous  recombination 
repair  (HRR).  Presumably,  inhibition  of  PARP1 
activity  obstructs  the  repair  of  SSBs  and  during 
DNA  replication,  these  lesions  cause  replication 
fork  collapse  and  are  transformed  into  substrates 
for  HRR.  In  fact,  several  previous  studies  have 
indicated  a  hyper-recombinogenic  phenotype  in 
the  absence  of  active  PARP1  in  vitro  or  in 
response  to  DNA  damaging  agents.  In  this  study, 
we  demonstrate  an  increased  frequency  of  spontan¬ 
eous  HRR  in  vivo  in  the  absence  of  PARP1  using 
the  pun  assay.  Furthermore,  we  found  that  the  HRR 
events  that  occur  in  Parpl  nullizygous  mice  are 
associated  with  a  significant  increase  in  large, 
clonal  events,  as  opposed  to  the  usually  more 
frequent  single  cell  events,  suggesting  an  effect  in 
replicating  cells.  In  conclusion,  our  data  demon¬ 
strates  that  PARP1  inhibits  spontaneous  HRR 
events,  and  supports  the  model  of  DNA  replication 
transformation  of  SSBs  into  HRR  substrates. 

INTRODUCTION 

Poly  (ADP-ribosyl)ation  is  the  posttranslational  transfer 
of  long  chains  of  negatively  charged  ADP-ribose  moieties 
to  proteins.  The  resultant  increase  in  negative  charge 
causes  the  target  protein  to  lose  DNA-binding  affinity 
(1).  Poly  (ADP-ribose)  polymerases,  or  PARPs, 
comprise  a  large  family  of  genes  that  have  shared 


homology  with  the  catalytic  domain  of  the  founding 
member,  PARP1  (1).  PARP1  has  been  widely  implicated 
in  a  multitude  of  cellular  processes  including  replication 
(2^1),  transcription  [reviewed  in  (5)],  chromatin  remodel¬ 
ing  [reviewed  in  (5)],  telomere  maintenance  (6)  and 
perhaps  most  notably,  the  repair  of  DNA  damage 
through  the  base  excision  repair  (BER)  pathway  (7-9). 

Current  understanding  is  that  the  key  BER  proteins 
actually  participate  in  several  distinct  pathways  such  as 
short-patch  BER,  long-patch  BER,  single  strand  break 
(SSB)  repair  and  nucleotide  incision  repair  (10). 
However,  the  common  factor  for  all  of  these  pathways  is 
an  SSB — be  it  the  initiating  lesion  or  an  intermediate  step 
in  a  repair  process.  PARP1  readily  binds  SSBs  (11,12)  and 
recruits  the  scaffolding  protein  XRCC1  (13).  PARP1  poly 
(ADP-ribosyl)ates  itself  (13),  reducing  its  DNA-binding 
affinity,  thus  allowing  other  repair  factors  to  bind  the 
lesion  site  (9,14). 

A  recent  study  demonstrated  that  chemical  inhibition  of 
PARP1  decreased  the  efficiency  of  SSB  repair  (15), 
conjecturing  that  chemically  inhibited  PARP1  remains 
bound  to  DNA  and  blocks  other  repair  proteins  from 
the  SSB  site.  However,  the  same  study  revealed  that 
despite  PARP1  silencing  via  RNA  interference,  cells 
were  able  to  repair  SSBs  (15),  indicating  that  an  alterna¬ 
tive  pathway,  possibly  homologous  recombination  repair 
(HRR),  can  compensate  for  this  loss.  Loss  of  Parpl  by 
way  of  gene  targeting  in  human  cells  does  not  hinder  for¬ 
mation  of  nuclear  RAD51  foci  (an  indicator  of 
RAD5 1-dependent  HRR)  (16),  nor  does  PARP1  inhib¬ 
ition  appear  to  obstruct  HRR  in  vitro  (16,17).  Waldman 
and  Waldman  (18)  found  a  4-fold  increase  in 
intrachromosomal  homologous  recombination  in  mouse 
fibroblasts  grown  in  the  poly(ADP-ribose)  polymerase  in¬ 
hibitor,  3-methoxybenzamide,  compared  to  controls. 
Furthermore,  PARP1  does  not  co-localize  to  RAD51 
foci  following  DNA  damage  (16)  indicating  that  it  is 
unlikely  that  PARP1  is  directly  involved  in  the  HRR 
process.  In  addition,  increased  sister  chromatid  exchange 
has  been  observed  with  PARP1  inhibitors  in  Chinese 
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hamster  ovary  cells  (19)  and  in  PARP1  null  mice  (20), 
whereas  over-expression  of  Parpl  decreases  the  incidence 
of  sister  chromatid  exchange  following  DNA  damage  (21). 
Resolution  of  SSBs  by  way  of  HRR  in  the  absence  of 
PARP1  activity  may  be  due  either  to  stalled  replication 
fork  or  DSBs  resulting  from  replication  fork  collapse.  The 
requirement  of  such  activity  is  the  postulated  basis  for 
synthetic  lethality  observed  when  treating  breast  and 
ovarian  cancer  cells  deficient  for  either  BRCA1  or 
BRCA2  with  PARP1  inhibitors  (4,22-24).  This  is 
because  BRCA1  and  BRCA2,  amongst  their  various  func¬ 
tions,  are  required  for  RAD51  dependent  double-stranded 
DNA  break  induced  HRR  (25-27).  Together,  these 
in  vitro  observations  indicate  that  loss  or  inhibition  of 
PARP1  leads  to  a  hyper-recombinogenic  phenotype. 

Here,  we  evaluate  the  spontaneous  frequency  of  HRR 
in  vivo  using  the  well-established  and  highly  sensitive  p“n 
eye  spot  assay  (28-30).  The  murine  pink-eyed  dilution 
gene,  p ,  encodes  a  protein  that  functions  in  the  pigmenta¬ 
tion  of  the  fur  and  the  retinal  pigment  epithelium  (RPE)  of 
the  mouse  (31).  Mice  lacking  a  functional  copy  of  this 
gene  are  hypopigmented,  having  a  dilute  (gray)  coat  and 
pink  eyes  (the  cells  of  the  RPE  are  rendered  transparent) 
(31).  One  such  mutant,  the  ‘pink-eyed  unstable’  (pun)  al¬ 
lele  contains  a  70-kb  duplication  of  exons  6-18  (32-34, 
Figure  1)  and  causes  this  autosomal  recessive  phenotype. 
However,  the  pun  allele  is  subject  to  a  relatively  high  fre¬ 
quency  of  spontaneous,  somatic  reversion  to  wild-type 
(35).  Reversion  can  only  be  attributed  to  HRR  mediated 
deletion  of  the  duplicated  exons,  which  restores  function¬ 
ality  of  p  (32,33)  and  consequently  pigmentation  to  the  fur 
and  RPE.  Equivalent  assays  in  yeast  have  demonstrated 
that  such  intrachromosomal  deletions  between  homolo¬ 
gous  tandem  repeats  may  be  mediated  by  either  a 
RAD51 -dependent  pathway  (canonical  HRR  pathway) 
or  a  RAD51 -independent  pathway  [single  strand  anneal¬ 
ing  (SSA),  an  alternative  HRR  pathway)]  (36).  Therefore, 
the  frequency  of  pun  reversion  is  indicative  of  the  somatic 
occurrence  of  spontaneous  HRR  events  (28,29,37).  Here 
we  use  the  pun  eye  spot  assay  to  demonstrate  that  the 
absence  of  PARP1  results  in  increased  spontaneous 
somatic  HRR  events  in  vivo.  The  significant  increase  in 
rare  multi-cell  clones  of  eye  spots  in  Parpl  nullizygous 
mice  suggests  that  the  normal  function  of  PARP1  is  to 
remove  DNA  lesions  prior  to  their  becoming  HRR  sub¬ 
strates  during  DNA  replication.  Our  observations  sub¬ 
stantiate  current  models  of  the  relationship  between 
PARP1  and  HRR,  providing  formal  in  vivo  evidence  of 
a  spontaneous,  hyper-recombination  phenotype. 

MATERIALS  AND  METHODS 

Generation  of  mice 

Mice  heterozygous  for  a  targeted  null  allele  of  Parpl, 
\29S-ParpltmlZqw  (38),  were  obtained  from  Jackson 
Laboratories  (Bar  Harbor,  ME)  and  genotyped  for 
Parpl  as  described  (http://parplink.u-strasbg.fr/protocols 
/tools/parp l_typing.html)  earlier.  The  ParpV mice  were 
made  C57BL/6J  congenic  by  five  backcrosses  followed 
by  two  crosses  to  C57BL/6J  mice.  Mice  with 


homozygous  genotype  were  selected  by  their  pheno¬ 
typic  gray  coat  color.  The  resulting  C57BL/6J  N7 
Parp  I  ■  pun!un  mjce  (hereafter  referred  to  as  Parpl+'~) 
were  self-crossed  to  create  the  necessary  experimental 
{Parpl  '_)  and  control  animals  (Parpl+/~  and  Parpl+/+). 

P“"  assay 

The  pun  frequency  assay  was  performed  as  described 
earlier  (29).  Briefly,  eyes  were  harvested,  with  the  investi¬ 
gator  blinded  to  the  genotypes  until  after  pl,n  eye  spot  data 
was  collected.  Three  types  of  data  were  collected  for  each 
RPE:  the  total  number  of  eye  spots,  the  number  of  cells 
comprising  each  eye  spot,  and  the  position  of  each  eye 
spot  relative  to  the  optic  nerve.  Following  Bishop  et  al. 
(29),  a  pun  reversion  event  or  eye  spot  was  defined  as  ‘a 
pigmented  cell  or  a  cluster  of  pigmented  cells,  separated  by 
no  more  than  one  unpigmented  cell’.  Eyes  were  viewed  at 
15  x  using  a  Zeiss  Axiovert  microscope  and  methodically 
scanned  for  pigmented  spots.  A  5x  mosaic  photograph 
was  taken  of  each  RPE  using  a  Zeiss  Lumar  V.12  stereo¬ 
microscope,  Zeiss  Axiovision  MRm  camera  and  Zeiss 
Axiovision  4.6  software  (Thornwood,  NY,  USA).  In 
cases  where  a  suspected  clone  consisted  of  pigmented 
cells  separated  by  clear  cell(s),  the  Adobe  Photoshop 
CS2  (San  Jose,  CA,  USA)  measure  tool  was  used  to 
assess  if  the  unpigmented  area  between  pigmented  cells 
was  consistent  with  the  single  cell  diameter  in  that  part 
of  the  RPE  (Figure  1).  The  pun  positional  assay  was  then 
performed  as  described  earlier  (28).  Briefly,  the  position  of 
each  spot  relative  to  the  optic  nerve  was  calculated  using 
simple  measurements.  In  Photoshop,  the  brush  tool  was 
used  to  mark  the  approximate  center  of  the  optic  nerve 
and  the  measure  tool  was  then  used  to  obtain  two  dis¬ 
tances  for  each  eye  spot:  (i)  from  the  center  of  the  optic 
nerve  to  the  proximal  edge  of  the  eye  spot,  and  (ii)  from 
the  center  of  the  optic  nerve  to  the  edge  of  the  RPE.  By 
dividing  the  former  by  the  latter,  the  position  of  each  eye 
spot  relative  to  the  optic  nerve  was  determined. 

Primary  mouse  embryonic  fibroblasts  and  cell  culture 

Primary  mouse  embryonic  fibroblasts  (MEFs)  were 
obtained  by  intercrossing  Parpl  heterozygous  mice  to 
obtain  Parpl  null  embryos  and  littermate  controls. 
Pregnancies  were  timed  by  the  observation  of  a  vaginal 
copulation  plug  and  embryos  were  harvested  on  Day 
El 4.  Embryos  were  mechanically  homogenized  and 
allowed  to  incubate  in  0.05%  Trypsin-EDTA  for 
20  min.  Cells  were  cultured  in  Dulbecco’s  modified 
Eagle’s  medium  supplemented  with  lOOOOU/ml  penicillin, 
lOOOOpg/nrl  streptomycin,  25(.ig/ml  Amphotericin  B 
(Cellgro).  The  cells  were  grown  at  37°C  in  the  presence 
of  5%  C02  in  a  humidified  incubator. 

RAD51  nuclear  foci  immunofluorescence 

HRR  frequency  was  determined  by  immunofluorescence 
using  an  antibody  against  RAD51  (RK-70-005,  MBL)  as 
described  earlier  (39).  Cells  were  grown  on  acid-washed 
fibronectin  coated  cover  slips  at  a  density  of  1  x  105 
cells/cover  slip.  Cells  were  then  fixed  with  4% 
paraformaldehyde  and  permeabilized  using  Triton  X-100 
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Figure  1.  HR-mediated  reversion  of  the  pu"  allele.  (A)  Schematic  of  the  p“"  mutation.  HR  events  mediate  the  deletion  of  one  copy  of  a  tandem  repeat 
(of  Exons  6-18)  rendering  the  p  gene  functional,  thus  causing  pigmentation  of  RPE  cells.  Circles  represent  centromeres  and  arrows  telomere  DNA. 
(B)  Mosaic  image  of  a  Parp /  '  RPE  wholemount.  The  13  p“"  reversion  spots  are  indicated  with  black  arrowheads.  (C)  Example  of  two  distinct  pun 
reversion  events  within  a  cluster  of  pigmented  cells,  x  is  the  diameter  of  one  cell  in  this  region  of  the  RPE  and  2x  is  twice  this  diameter.  For  example, 
the  two  clusters  of  cells  labeled  i,  are  separated  by  a  distance  of  .v  and  are  scored  as  one  event.  The  cluster  labeled  ii  is  a  distance  of  2x  from  cluster  i, 
and  therefore  represents  a  distinct  event. 


for  10  min  at  room  temperature.  Blocking  was  performed 
with  1  %  BSA-4%  goat  serum  for  1  h  followed  by  an  over¬ 
night  incubation  with  RAD51  antibody  (1:2000)  in  a 
humidified  chamber.  Goat  antichicken  Alexa  Fluor  488 
(Invitrogen)  diluted  1:1000  was  applied  to  each  cover 
slip  for  1  h  followed  by  DAPI  staining  and  Fluoromount 
G  slide  mounting.  A  minimum  of  100  nuclei  were 
examined  for  each  genotype,  repeated  with  three  technical 
replicates  per  genotype. 

Statistics 

Parametric  analysis  of  variance  was  performed  in 
Microsoft  Excel  1994  for  Mac  (Redmond,  Washington). 
The  Fmax  test  was  done  by  hand  per  Ftartley  (40)  and 
Rohlf  and  Sokal  (41).  Measurements  of  skew  and 
kurtosis  were  obtained  using  descriptive  statistics  in 
Microsoft  Excel  1994  for  Mac  (Redmond,  Washington). 
N  on-parametric  Kruskal-Wallis  test  was  performed  using 
Stata  (College  Station,  TX,  USA).  Dunn’s  test  was  done 
by  hand  per  Siegel  (42).  Chi-squared  contingency  analysis 
was  performed  using  the  VasserStats  online  calculator 


(http://faculty.vasser.edu/lowry/VasserStats.html, 
accessed  11/2009).  Fisher’s  Exact  test  (43)  was  used  to 
compare  RAD51  foci  quantification  using  the  sum  of 
the  technical  replicates  per  genotype. 

RESULTS 

Loss  of  Parpl  leads  to  a  significant  increase  in 
FIRR  in  vivo 

PARP1,  amongst  its  various  activities,  is  involved  in  SSB 
repair  (11,12).  Inhibition  of  the  PARP1  protein  in  BRCA1 
and  BRCA2  mutant  cells  leads  to  their  selective  cell  death 
(23,44).  This  has  led  to  the  working  model  that  the 
observed  cell  death  is  due  to  immitigable  DNA  damage 
caused  by  the  loss  of  two  key  DNA  repair  pathways:  (i) 
HRR,  due  to  loss  of  BRCA1/2,  and  (ii)  SSB  repair  due  to 
inhibition  of  PARP1  (4,23,24).  This  model  suggests  that 
lack  of  PARP1  alone  will  cause  an  increase  in  HRR  fre¬ 
quency  in  the  absence  of  exogenous  damage.  To  test  this 
assumption,  we  determined  the  spontaneous  frequency  of 
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HRR  in  Parpl~!~,  +'~  and  +/+  animals  using  the  in  vivo pun 
assay. 

The  frequency  of  pun  reversion  was  determined  in 
Parpl~j~,  +l~  and  +/+  animals  using  pun  eye  spot  assay 
(Table  1  and  Figure  2).  There  is  a  clear  increase  in  the 
frequency  of  pun  reversion  events  observed  in  the  absence 
of  PARP1  compared  to  wild-type  and  heterozygous 
littermate  controls.  Considering  that  the  data  is 
non-parametric  and  not  normal,  we  used  the 
non-parametric  Kruskal-Wallis  test  (followed  by  Dunn’s 
test  to  determine  which  groups  are  different  from  one 
another).  This  analysis  revealed  that  Parpl animals 
had  a  highly  statistically  significant  increase  in  pun  rever¬ 
sion,  and  thus  increased  FIRR,  compared  to  controls 
(R  =  0.0001). 

Parpl  null  mice  have  an  earlier  incidence  of  p“"  reversion 
than  controls 

The  RPE  develops  radially  outward  from  the  optic  nerve 
during  development  (45),  therefore,  much  like  the  concen¬ 
tric  annual  rings  of  a  tree,  the  positions  of  eye  spots 
indicate  the  developmental  time  at  which  they  occurred 
(28,29).  pun  reversion  events  closer  to  the  optic  nerve 
occurred  earlier  in  development  and  events  further  from 
the  optic  nerve  occurred  later  in  development  (29).  To 
investigate  whether  the  increased  number  of  events 
occurred  at  a  particular  time  during  development,  we 
analyzed  the  relative  positions  of  the  pun  reversion  events 
on  the  RPE  of  differing  Parpl  genotype  (35  wild-type,  28 
heterozygous  and  24  Parpl  null  RPE).  A  Kruskal-Wallis 
test  was  used  to  compare  the  positional  distribution  of 
spots  and  indicated  that  there  is  a  significant  difference 
between  genotypes  (P  =  0.0043,  Figure  3).  Subsequently, 
a  Dunn’s  test  indicated  that  the  Parpl  null  group  is  dif¬ 
ferent  from  the  control  groups. 

To  determine  whether  the  difference  in  the  positions  of 
spots  was  due  to  early  or  late  events,  comparison  was  done 
between  the  numbers  of  events  with  proximal  positions 
(earlier  in  development,  0-0.50)  versus  the  numbers  of 
events  with  distal  positions  (later  in  development,  0.51- 
1.0).  A  2x3  contingency  table  analysis  comparing 
wild-type,  heterozygous  and  null  revealed  a  highly  statis¬ 
tically  significant  difference  in  the  proportion  of  spots  on 
the  proximal  half  of  the  RPE  (x2  =  32.09,  P  <  0.0001).  To 
verify  that  the  difference  was  due  to  the  null  group,  groups 
were  analyzed  pairwise.  There  was  no  significant  differ¬ 
ence  between  wild-type  and  heterozygous  ( P  =  0.865), 
whereas  the  null  group  was  significantly  different  from 
each  of  them  ( P  =  0.005  and  P  =  0.004,  respectively). 


Table  1.  Summary  of  RPE  examined  and  pun  reversion  frequency  by 
Parpl  genotype 


Genotype 

No.  of 
RPE 

Total  no. 
of  spots 

Average  no. 
of  spots/RPE 

Average 
spot  size 
(no.  cells) 

Parpl+I+ 

42 

287 

6.8 

3.5 

Parpl+>- 

34 

264 

7.8 

2 

Parpl  ^ 

28 

545 

19.5 

6.2 

Finally,  2x2  analysis  was  performed  comparing  the  null 
group  against  the  combined  heterozygotes  and  wild-type, 
confirming  a  highly  statistically  significant  difference 
(x2  =  17.86,  P<  0.0001),  indicating  that  there  is  a  shift 
of  pun  reversion  events  to  earlier  in  development.  One  in¬ 
terpretation  of  this  result  is  that  there  is  an  increased  rate 
of  homologous  recombination  that  occurs  in  the  absence 
of  PARPlT 

Clonal  expansion  of  p“"  reversion  events  is  associated  with 
PARP1  absence 

On  initial  analysis  of  the  RPE,  there  appeared  be  a  greater 
number  of  large  (consisting  of  multiple  cells)  spots  in  the 
Parpl~’~  RPE  (Table  1).  Previous  studies  have  shown 
that  spots  with  greater  than  10  cells  are  very  rare  (28,30, 
Bishop,  unpublished  data).  Therefore,  a  2  x  3  contingency 
table  analysis  (Chi-square)  was  computed  comparing  the 
number  of  spots  with  10  or  fewer  cells  and  the  number  of 
spots  with  1 1  or  more  cells  between  genotypes  (x2  =  32.65, 
P<  0.0001,  Figure  4).  To  determine  if  the  null  group  is 
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Figure  2.  The  frequency  of  pun  reversion  events  in  the  RPE  (pigmented 
eye  spots)  in  mice  with  differing  Parpl  genotypes.  There  is  a  highly 
statistically  significant  difference  between  the  frequency  of  eye  spots  in 
Parpl mice  compared  to  wild-type  and  heterozygous  controls 
(P  =  0.0001  using  the  non-parametric  Kruskal-Wallis  test.  A  Dunn’s 
test  determined  that  the  null  group  is  different  from  the  other  two). 
The  x-axis  is  expressed  as  whole  number  counts  of  eye  spots,  while  the 
y-axis  is  expressed  as  percent  of  RPE  assayed  for  that  genotype.  For 
example,  over  80%  of  the  Parpl RPE  had  greater  than  10  eye  spots. 
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Position  of  eye  spot  on  RPE  from  optic  nerve  (0)  to  edge  (1 ) 

Figure  3.  Positional  distribution  of  spots  in  mice  with  differing  Parpl  genotypes.  The  position  of  an  eyespot  is  a  measurement  relative  to  the  optic 
nerve  head.  The  position  ‘O',  which  represents  the  optic  nerve  head,  correlates  to  pun  reversion  events  that  occurred  relatively  early  in  eye  develop¬ 
ment.  The  position  T’,  which  represents  spots  at  the  edge  of  the  RPE,  correlates  to  reversion  events  that  occurred  at  a  later  time  in  eye  development. 
Non-parametric  analysis  with  a  Kruskal-Wallis  test  ( P  =  0.013)  followed  by  a  Dunn’s  Test  indicated  that  there  is  an  increase  in  HRR  more  proximal 
to  the  optic  nerve,  and  presumably  earlier  in  eye  development,  in  Parpl  null  mice  compared  to  wild-type  and  heterozygous  controls.  Wild-type  and 
heterozygous  controls  showed  no  difference,  so  data  were  combined  in  this  graphical  representation  to  compensate  visually  for  disparity  in  sample 
sizes  between  the  null  group  and  either  of  the  controls.  The  position  (along  the  x-axis)  and  size  (along  the  y-axis)  of  each  individual  eye  spot  is 
represented  as  a  dot.  The  vertical  marker  delineates  the  position  that  is  halfway  between  the  optic  nerve  head  and  the  edge  of  the  RPE.  The 
horizontal  marker  represents  the  divide  between  large  and  small  eye  spots  and  is  therefore  at  the  11 -cell  size  marker.  Any  dot  on  or  above  this  line 
represents  a  ‘large’  eye  spot. 


the  cause  of  statistical  significance  and  because  our  fre¬ 
quency  and  positional  analysis  showed  no  difference 
between  wild-type  and  heterozygous,  the  data  for  these 
two  groups  were  combined  and  compared  against  the 
null  group  in  a  2x2  contingency  table  analysis 
(x2  =  28.64,  P<  0.0001).  These  results  indicate  that  there 
is  a  significant  increase  in  the  incidence  of  large  spots  in 
the  Parpl  null  mice  compared  to  controls,  indicating  an 
increase  in  HRR  in  proliferating  cells. 

To  investigate  whether  a  particular  subset  of  spots 
(single  cell  or  multi-cell)  caused  the  observed  shift  in 
spots  to  an  earlier  time  in  development  in  Parpl  null 
mice,  a  Kruskal-Wallis  test  was  used  to  analyze  the 
relative  positions  of  these  subsets  of  eye  spots  between 
genotypes.  This  test  revealed  that  multi-cell  eye  spots  are 
shifted  toward  the  optic  nerve  in  the  null  mice  as 
compared  to  heterozygous  and  wild-type  (P  =  0.0001). 
Furthermore,  analysis  of  the  single-cell  eye  spots  showed 
no  difference  between  groups  (P  =  0.5762,  Kruskal- 
Wallis  test),  indicating  that  the  positional  shift  observed 
when  analyzing  all  spots  is  in  fact  due  to  the  multi-cell  eye 
spots.  Considering  that  the  Parpl  null  mice  display  both 
an  increase  in  the  large  eye  spots  and  the  position  of  these 
eye  spots,  we  examined  whether  these  large  eye  spots  are 
significantly  increased  in  the  proximal  half  of  the  RPE  in 
the  absence  of  PARP1.  A  2  x  2  contingency  table  analysis 
revealed  that  indeed  there  was  a  significant  increase  in 


large,  multi-cell  events  (>  1 1  cells)  in  the  proximal  half  of 
the  RPE  in  null  mice  compared  to  control  RPE 
(x2  =  5.49,  P  =  0.019,  Figure  3).  This  suggests  that 
many  more  highly  replicative  cells  are  prone  to  pun  rever¬ 
sion  events  during  early  RPE  development  in  the  absence 
of  PARP1. 

Loss  of  Parpl  leads  to  an  increase  in  RAD51  nuclear  foci 

It  has  been  previously  reported  that  human  cells  either 
deficient  or  inhibited  for  PARP1  have  increased  RAD51 
nuclear  foci,  an  indicator  of  increased  HRR  (16,17).  To 
demonstrate  that  the  same  cellular  phenomenon  is 
observed  here  with  the  mouse  Parpl  knockout  model, 
we  examined  spontaneous  levels  of  RAD51  nuclear  foci 
in  MEFs  isolated  from  these  mice  (Figure  5).  As  expected, 
the  observed  frequency  of  spontaneous  RAD51  foci  for 
wild-type  MEFs  displayed  a  very  low  background,  mostly 
in  the  category  of  0-5  RAD51  foci  per  cell.  However, 
Parpl  null  MEFs  showed  a  high  number  of  cells  with 
RAD51  foci  with  68.3%  having  >6  foci  per  cell 
compared  to  wild-type  MEFs  (23.5%)  ( P  =  2.6e-29).  In 
addition,  comparing  0  foci  to  either  the  6-10  or  >10  foci 
per  cell  groups  demonstrates  a  significant  increase  in 
numbers  of  foci  per  cell  in  the  Parpl  null  cells 
(P  =  3.3e-15  and  P  =  8.3e-25,  respectively).  This  data 
suggests  a  significantly  higher  frequency  of  HRR  in 
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Figure  4.  The  size  of  eye  spots  in  mice  with  differing  Parpl  genotypes.  Eye  spot  size  is  expressed  as  the  number  of  pigmented  RPE  cells  comprising 
the  eye  spot  (y-axis).  A  statistically  significant  increase  in  the  number  of  large  eye  spots  in  Parpl  null  mice  (x~  =  32.65,  p<  0.0001)  compared  to 
wild-type  and  heterozygous  controls  is  shown  by  using  a  2  x  3  contingency  table.  Comparison  of  null  against  combined  wild-type  and  heterozygous 
data  in  a  2  x  2  contingency  table  also  demonstrated  a  statistically  significant  difference  in  the  null  group  (x2  =  28.64,  /z  <  0.0001). 


Parpl  null  MEFs  compared  to  wild-type,  correlating  well 
with  our  in  vivo  pun  assay  observations. 


DISCUSSION 

The  inhibition  of  PARP1  activity  is  an  exciting  novel 
therapy  used  in  the  treatment  of  BRCA1  and  BRCA2 
hereditary  breast  and  ovarian  cancers  (22).  The  mechan¬ 
ism  by  which  this  therapy  is  thought  to  work  is  by  syn¬ 
thetic  lethality  resulting  from  an  inability  to  repair  SSBs 
by  either  PARP1 -dependent  SSB  repair  or  BRCA1/ 
2-dependent  HRR  (after  replication  fork  stall/  collapse) 
(4,23,24).  This  model  would  suggest  an  increase  in  the 
spontaneous  frequency  of  HRR  in  the  absence  of 
PARP1.  In  vitro  evidence  for  a  hyper-recombination 
phenotype  has  been  presented  in  various  tissue  culture 
experiments  (16,17,19-21).  Here,  we  provide  in  vivo 
evidence  that  spontaneous  HRR  frequency  is  indeed 
increased  in  the  absence  of  PARP1  protein  by  using  an 
established  mouse  model  for  measuring  HRR  events. 
HRR  dependent  repair  of  SSBs  has  been  proposed  to  be 
due  to  DNA  replication  fork  collapse  at  the  SSB  that 
converts  these  lesions  into  HRR  substrates.  Our  data 
supports  this  notion,  with  a  significant  increase  in  large 
clonal  eye  spots  in  the  Parpl  null  background  compared 
to  controls.  There  is  no  selective  advantage  for  pun  rever¬ 
sion,  thus  it  is  likely  that  similar  somatic  homologous  re¬ 
combination  events  are  occurring  in  replicating  cells 
throughout  all  tissues  of  the  body  and  not  just  in  the  de¬ 
veloping  RPE  and  at  the  pun  locus. 

The  pun  HRR  assay  is  based  on  the  loss  of  one  copy  of  a 
DNA  duplication  that  encompasses  exons  6-18  of  the 
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Figure  5.  Spontaneous  frequency  of  RAD51  nuclear  foci  in  wild-type 
and  Parpl  null  MEFs.  (A)  Frequency  of  RAD51  foci  per  cell  by  geno¬ 
type  categorized  in  0,  1-5,  6-10  and  >10  foci  by  Parpl  genotype 
provided  as  a  percentage  of  cells  in  the  bar  graph  and  actual 
numbers  of  cells  in  the  table.  There  is  a  statistically  significant 
increase  in  cells  with  RAD51  foci  in  Parpl  null  MEFs  compared  to 
wild-type  MEFs  (comparing  0-5  foci  per  cell  to  >6  foci,  P  =  2.6e-29). 
Furthermore,  there  are  more  RAD51  foci  present  per  cell  in  the 
absence  of  PARP1.  Representative  field  of  cells  with  RAD51  foci 
positive  cells  are  presented  in  (B)  for  wild-type  and  (C)  for  Parpl 
null  MEFs.  Blue  is  DAPI  and  green  is  RAD51,  taken  with  a  40x 
objective. 
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p  gene,  restoring  the  function  of  this  pigmentation  gene. 
Theoretically  the  pun  reversion  event,  a  homology  directed 
deletion,  may  be  mediated  by  either  of  two  alternative 
mechanisms  (36).  First,  there  is  the  canonical,  RAD51/ 
BRCA1 -dependent  F1RR  pathway  and  is  likely  instigated 
by  either  a  double-stranded  DNA  break  or  DNA  replica¬ 
tion  fork  collapse.  The  alternative  homology-dependent 
repair  pathway  is  SSA.  SSA  is  a  RAD51 -independent 
pathway  that  can  mediate  intrachromosomal  deletions 
between  homologous  DNA  sequences,  but  is  unlikely  to 
be  dependent  upon  the  DNA  replication  process  and  is 
more  likely  to  act  in  response  to  a  double-stranded 
DNA  break  than  an  SSB-induced  replication  fork 
collapse  (46,47).  In  contrast,  RAD51 -dependent  HRR  is 
considered  a  high  fidelity  DNA  repair  pathway  and  is 
likely  a  favored  mechanism  in  replicating  cells.  Therefore, 
RAD51 -dependent  HRR  provides  the  most  obvious 
explanation  for  the  observation  that  earlier  pun  reversion 
events  in  proliferating  cells  will  lead  to  larger  eye  spots. 

Using  the  pun  assay,  we  previously  reported  that  there  is 
a  significant  increase  in  HRR  in  Atm,  p53  and  Gadd45a 
null  mice  compared  to  controls  (28).  While  these  models 
showed  differing  shifts  in  the  timing  of  events  (position  of 
eye  spots)  (28),  the  distribution  of  eye  spot  size  was 
equivalent  to  wild-type  (a  majority  of  single  cell  eye 
spots,  fewer  two  cell  eye  spots,  and  so  forth.  Bishop, 
unpublished  data).  In  contrast,  in  the  Parpl  null  mice 
we  observed  a  significant  increase  in  the  number  of 
multi-cell  spots,  particularly  those  greater  than  10  cells 
(Figure  4).  It  is  possible  that  different  HRR  pathways 
are  at  work  in  these  different  mutant  mice,  with  a  prefer¬ 
ence  for  replication-tied  RAD51 -dependent  HRR  events 
observed  in  PARP1  null  mice. 

It  has  already  been  postulated  that  the  mechanism  by 
which  Parpl  nullizygosity  increases  HRR  is  through  rep¬ 
lication  fork  collapse.  Therefore,  it  is  probable  that  it 
is  the  RAD51/BRCAl-dependent  HRR  pathway  that 
results  in  the  hyper-recombination  phenotype  we  have 
observed  in  the  Parpl  null  animals.  In  such  a  case,  it 
would  logically  follow  that  more  of  the  spots  consist  of 
a  greater  number  of  cells  because  the  original  cell  in  which 
the  pun  reversion  occurred  was  a  proliferating  cell;  the 
daughter  cells  would  have  inherited  the  reverted  p  allele 
and  thus  will  also  be  pigmented.  However,  in  wild-type,  as 
well  as  in  Atm,  p53  and  Gadd45a  null  mice,  the  majority  of 
spots  are  single-cell  events.  These  events  follow  the  same 
general  pattern  of  positions  as  larger  spots,  but  with  a 
phase  shift  toward  the  optic  nerve.  This  relative  distribu¬ 
tion  suggests  that  the  single-cell  events  were  likely  to  have 
occurred  in  cells  that  were  in  their  terminal  division  at  the 
rear  of  the  proliferating  region  of  the  RPE  (28).  Therefore, 
it  is  possible  that  these  single-cell  events  were  not  neces¬ 
sarily  tied  to  active  replication  machinery,  but  rather 
could  be  due  to  SSA,  in  a  DNA  replication-independent 
manner.  BRCAl-dependent  HRR  is  thought  necessarily 
to  involve  RAD51  (48)  yet  SSA  is  thought  to  be  a 
RAD51 -independent  event  (36).  In  support  of  this,  we 
observe  a  significant  increase  in  spontaneous  nuclear 
RAD51  foci  in  the  absence  of  PARP1.  Though  we 
cannot  determine  the  proportion  of  pun  reversions  that 
result  from  SSA  events,  it  appears  that  the  absence  of 


PARP1  results  in  a  clear  increase  in  pun  reversion  events 
that  are  tied  to  cellular  proliferation  and  DNA  replication. 
Overall,  our  observations  provide  formal  evidence  that  the 
absence  of  PARP1  protein  results  in  a  spontaneous 
hyper-homologous  recombination  phenotype  that 
supports  the  proposed  mechanisms  of  PARP1  inhibition 
and  BRCA1/2  null  synthetic  lethality. 
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ABSTRACT 

Atm,  p53,  and  Gadd45a  form  part  of  a  DNA-damage  cellular  response 
pathway;  the  absence  of  any  one  of  these  components  results  in  increased 
genomic  instability.  We  conducted  an  in  vivo  examination  of  the  frequency 
of  spontaneous  homologous  recombination  in  Atm-,  p53-,  or  Gadd45a- 
deficient  mice.  In  the  absence  of  p53,  we  observed  the  greatest  increase  in 
events,  a  lesser  increase  in  the  absence  of  Atm,  and  only  a  modest  increase 
in  the  absence  of  Gadd45a.  The  striking  observation  was  the  difference  in 
the  time  at  which  the  spontaneous  events  occurred  in  atm  and  trp53 
mutant  mice.  The  frequency  of  homologous  recombination  in  atm  mutant 
mice  was  increased  later  during  development.  In  contrast,  p53  appears  to 
have  a  role  in  suppressing  homologous  recombination  early  during  devel¬ 
opment,  when  p53  is  known  to  spontaneously  promote  p21  activity.  The 
timing  of  the  increased  spontaneous  recombination  was  similar  in  the 
Gadd45a-  and  p53-deficient  mice.  This  temporal  resolution  suggests  that 
Atm  and  p53  can  act  to  maintain  genomic  integrity  by  different  mecha¬ 
nisms  in  certain  in  vivo  contexts. 

INTRODUCTION 

After  cellular  DNA  damage,  cells  respond  to  and  often  repair  the 
damage  in  an  orchestrated  manner.  One  signaling  pathway  that  has 
been  demonstrated  to  play  a  key  role  is  the  Trp53  (p53)  damage 
response  pathway  (1-5).  After  the  activation  and  stabilization  of  p53, 
p53  plays  a  central  part  in  the  type  of  responses  that  cells  mount  to  a 
variety  of  damages.  These  responses  include  apoptosis,  cell  cycle 
arrest  and  DNA  repair  (reviewed  in  Ref.  6).  It  is  now  understood  that 
p53  is  normally  maintained  at  a  level  within  the  cell  that  does  not 
result  in  any  significant  transcriptional  activation  of  its  downstream 
effectors. 

Atm  is  a  protein  kinase  (7-9)  that  is  activated  in  the  cell  after 
ionizing  radiation  exposure  (10,  11).  It  is  now  clear  that  Atm  has 
many  targets  (for  a  review  see  Ref.  12),  among  them  is  p53,  which  is 
effected  both  directly  (2,  13-17)  and  indirectly  (18-20).  p53  can 
subsequently  transcriptionally  up-regulate  effectors  such  as  Cdknla 
(p21;  see  Ref.  21)  and  Gadd45a  (2)  to  produce  a  coordinated  cellular 
response.  The  up-regulation  of  p21  results  in  a  cell  cycle  arrest  at  the 
Gj-S  border  (21-27),  which  is  thought  to  allow  time  for  repair 
reactions  to  be  enacted.  In  what  manner  any  repair  reaction  is  con¬ 
trolled  by  p53  is  not  fully  understood,  although  the  absence  of  p53  or 
Gadd45a  has  been  related  to  a  decreased  level  of  nucleotide  excision 
repair  (28).  From  the  point  of  view  of  this  report,  it  is  interesting  to 
note  that  the  absence  of  the  p53  damage  response  pathway  compo¬ 
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nents  Atm  (29-34),  p53  (35,  36),  or  Gadd45a  (37)  has  been  observed 
to  confer  an  increased  level  of  genomic  instability. 

Our  understanding  of  recombination  is  that  there  are  a  number  of 
different  types  of  recombination  mechanisms,  broadly  divided  into 
HR4  and  nonhomologous  endjoining.  HR  is  mediated  by  regions  of 
homologous  DNA  and  is  the  basis  of  the  assay  used  in  this  study. 

To  determine  the  frequency  of  HR  in  vivo ,  we  identified  the  number 
of  cells  or  clones  of  cells  that  had  deleted  a  65-kb  DNA  duplication  to 
a  single  copy  (see  Fig.  1).  The  duplication  allele,  called  pink-eyed 
unstable  (pun;  see  Refs.  38,  39),  interrupts  the  murine  pigmentation 
gene,  pink-eyed  dilution  (p ).  In  the  absence  of  a  functional  p  gene, 
mice  have  pink  eyes  and  a  dilute  coat  color  (40).  Only  a  HR  event  will 
result  in  the  correct  reconstitution  of  the  p  gene  and  the  phenotypic 
pigmentation  that  is  assayed  (38,  39).  Molecular  analysis  has  con¬ 
firmed  that  these  events  are  the  result  of  pun  reversion  (38,  39,  41). 
The  p  gene  is  normally  transcribed  in  melanocytes  and  cells  of  the 
RPE,  so  that  when  a  deletion/reversion  event  of  pun  occurs  somatically 
in  a  precursor  of  a  melanocyte  or  RPE  cell,  this  cell  will  proliferate 
and  differentiate  into  a  clone  of  pigmented  cells.  Such  patches  or  spots 
have  been  observed  in  both  the  fur  (38,  41)  and  eyes  (42-44)  of  pun 
mice.  On  the  C57BL/6J  inbred  background,  approximately  5-10%  of 
pun  mice  spontaneously  display  visible  fur-spots  (38,  41)  and  4  to  5 
eyes-pots  are  observed  per  RPE  (44,  45). 

Deletions  reverting  the  pan  allele  to  p+  resulting  in  fur  spots 
(fur-spot  assay)  are  increased  in  frequency  after  exposure  to  different 
DNA-damaging  agents  (41,  46,  47),  as  well  as  in  different  cancer 
predisposing  genetic  backgrounds  (34,  48).  In  those  in  vivo  studies, 
atm  mutant  mice  had  an  increased  frequency  of  recombination  (34), 
whereas  the  trp53  mutant  mice  did  not  (49).  This  was  surprising 
because  a  number  of  tissue  culture  studies  with  p53-deficient  cells 
have  demonstrated  an  increased  frequency  of  recombination  (50-54). 
To  address  this  issue,  we  developed  the  pun  eye-spot  assay.  This  assay 
has  already  proven  to  be  more  sensitive  in  detecting  the  frequency  of 
recombination  after  exposure  to  DNA-damaging  agents  than  the  fur- 
spot  assay  (45).  In  addition,  we  demonstrated  that  because  of  the 
well-defined  developmental  pattern  of  the  RPE  (55),  we  were  able  to 
define  the  time  at  which  a  recombination  event  occurred  by  its 
position  within  the  RPE  (56).  Here  we  use  the  pun  eye-spot  assay  to 
examine  the  frequency  of  spontaneous  recombination  in  mice  defi¬ 
cient  for  Atm,  p53,  or  Gadd45a.  The  results  demonstrated  an  in¬ 
creased  frequency  of  HR  in  all  three  genetic  backgrounds,  but  the 
timing  of  the  instability  was  different  between  Atm-deficient  and  p53- 
or  Gadd45a-deficient  mice.  This  study  confirms  our  earlier  suggestion 
of  an  increased  frequency  of  HR  in  atm  mutant  mice,  while  demon¬ 
strating  that  trp53  and  gadd45a  mutant  mice  also  display  an  increased 
frequency  of  HR  early  during  development. 


4  The  abbreviations  used  are:  HR,  homologous  recombination;  RPE,  retinal  pigment 
epithelium;  dpc,  days  post  coitum. 

5335 


Downloaded  from  cancerres.aacrjournals.org  on  October  31 , 201 1 
Copyright  ©  2003  American  Association  for  Cancer  Research 


Atm,  p53  AND  Gadd45a  EFFECT  ON  RECOMBINATION 
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Fig.  1 .  A  schematic  representation  of  the  pink-eyed  unstable  mutation  {pun\  A)  and  the 
wild-type  gene  pink-eyed  dilution  (/?;  B).  The  publicly  available  murine  sequences  for  the 
wild-type  gene  were  obtained  from  the  NIH  (Internet  address:  www.ncbi.nlm.nih.gov/ 
cgi-bin/Entrez/map_srchdb?chr  =  mouse_chr.inf).  The  duplication  junction  sequenced 
identified  previously  (39)  were  identified  within  the  genomic  region  to  generate  the 
schematic.  The  duplication  was  found  to  include  sequences  from  within  intron  7  to  within 
intron  19,  spanning  —65  kb.  The  sequence  representations  are  drawn  to  scale,  a  10-kb 
scale  bar  is  given.  The  translation  start  is  in  exon  3  and,  assuming  correct  splicing  of  all 
exons,  the  duplication  will  result  in  the  insertion  of  a  novel  alanine  created  at  the  junction 
of  exons  19  and  8,  followed  by  433  amino  acids  of  the  duplicated  exons  8  to  19.  After 
deletion  of  one  of  the  internal  repeats  by  HR,  a  functional  protein  can  be  produced  and  will 
result  in  pigmentation  in  either  melanocytes  or  cells  of  the  RPE. 


MATERIALS  AND  METHODS 

Mice.  C57BL/6J-  pun/an  mice  were  obtained  from  the  Jackson  Laboratory 
(Bar  Harbor,  ME).  C57BL/6J  pun/un  Atm  +/~  and  C57BL/6J  pan/an  Trp53+/~ 
have  been  described  previously  (34,  49).  Mice  heterozygous  for  Atm  or  Trp53 
and  homozygous  for  paD  were  bred  to  generate  mice  of  all  three  Atm  or  Trp53 
genotypes.  Gadd45a  mutant  mice  (37)  were  bred  into  the  C57BL/6J  pun/un 
genetic  background  with  three  back-crosses  to  produce  C57BL/6J-/?un/un 
Gadd45a~'~  mice  that  were  maintained.  In  the  generation  of  this  colony, 
C57BL/6J-/?un/un  Gadd45a+/+  mice  were  also  produced  and  maintained  as  a 
control.  All  mice  were  bred  in  the  institutional  animal  facility  under  standard 
conditions  with  a  12-h  light/dark  cycle  and  were  fed  standard  diet  and  water 
ad  libitum.  The  /?un/un  genotype  was  observed  phenotypically  in  the  progeny  of 
the  second  back-cross  as  mice  with  a  dilute  (gray)  coat  color. 

PCR  Genotype.  The  Atm,  Trp53,  and  Gadd45  genotypes  were  determined 
by  PCR  amplification  as  described  previously  (34,  37,  49).  DNA  was  prepared 
from  tail  biopsies  by  standard  protocols. 

Dissection  of  the  RPE.  Eyes  from  sacrificed  20-day-old  mice  were  re¬ 
moved,  fixed,  and  dissected  to  expose  the  RPE  layer,  as  described  previously 
(45,  55).  The  RPE  adjacent  to  the  neural  retina  was  isolated  for  analysis  by 
removing  the  eye  from  its  orbit,  immersing  it  in  fixative  [4%  paraformaldehyde 
in  0.1  M  phosphate  buffer  (pH  7.4)]  for  1  h  and  then  in  PBS  until  dissection. 
An  incision  was  made  at  the  upper  comeo-scleral  border  to  allow  removal  of 
the  cornea  and  lens.  Six  to  eight  incisions  were  made  into  the  eyecup  from  the 
comeo-scleral  margin  toward  the  centrally  positioned  optic  nerve.  The  dis¬ 
sected  eyecup  was  placed  on  a  glass  slide  with  the  retina  facing  up.  The  retina 
was  then  gently  removed  and  the  flattened  eyecup,  with  RPE  facing  up,  was 
mounted  in  90%  glycerol  for  analysis. 


Scoring  a  Single-Reversion  Event,  Visualized  As  an  Eye-Spot.  We  de¬ 
fined  two  or  more  adjacent  pigmented  cells,  or  pigmented  cells  separated  from 
each  other  by  no  more  than  one  unpigmented  cell,  as  an  eye-spot  that  resulted 
from  one  reversion  event  (55).  The  number  of  eye- spots  in  each  RPE  and  the 
number  of  cells  that  comprised  each  eye-spot  were  counted.  Positions  of 
eye-spots  were  mapped. 

Distance  Analysis  of  Eye-Spots  from  the  Optic  Nerve.  Spots  were  iden¬ 
tified  under  the  microscope  and  compared  with  their  scanned  digital  images. 
Distances  were  measured  with  the  Adobe  PhotoShop  5.5  Measurement  Tool. 
Distances  were  converted  from  pixels  to  millimeters  by  counting  the  number 
of  pixels  per  millimeter  on  the  image  of  a  micron  scale  reticule  scanned  at  the 
same  optical  settings  as  the  RPE.  Two  distances  were  measured  for  each 
eye-spot:  the  “eye-spot  distance,”  the  distance  from  the  center  of  the  optic 
nerve  head  to  the  most  proximal  edge  of  the  eye-spot;  and  the  “RPE  distance” 
of  an  eye-spot,  the  distance  from  the  optic  nerve  through  the  eye-spot  to  the 
outer  edge  of  the  RPE.  Dividing  the  eye-spot  distance  by  the  RPE  distance 
gave  the  proportional  distance  of  each  eye-spot  from  the  outer  edge  of  the  RPE, 
or  its  “position.”  The  position  of  each  eye-spot  was  determined  in  this  manner 
to  compensate  for  differences  in  the  size  of  the  eyes. 

Microscope,  Digital  Camera,  and  Software.  Whole-mount  RPE  were 
scanned  by  a  DC  1 20  digital  camera  (Eastman  Kodak  Company)  mounted  on  a 
DMLB  microscope  (Leica  Microsystems,  Inc.,  Wetzlar,  Germany)  using  a 
X2.5  N-plan  objective.  Embryonic  sections  were  scanned  by  a  RT  Slider  Spot 
camera  (Diagnostic  Instruments,  Inc.,  MI)  mounted  on  a  Axioskop  microscope 
(Zeiss,  Gottingen,  Germany).  The  images  were  assembled  and  examined  in 
Adobe  PhotoShop  5.5  on  a  Macintosh  Power  Computer.  All  data  were  stored 
and  processed  with  Microsoft  Excel  2001. 

Statistical  Analysis.  Comparison  between  numbers  of  events  was  per¬ 
formed  by  a  standard  G  test  (57).  The  G  test  is  equivalent  to  a  contingency  ^ 
test,  but  allows  for  classes  with  zero  events.  Comparison  of  the  population  of 
events  per  RPE  between  genotypes  was  performed  by  Wilcoxon  rank-sum 
analysis  (58,  59). 


RESULTS 

Eye-Spot  Frequency.  An  examination  was  conducted  on  the  pun 
reversion  frequency  in  the  RPE.  The  C57BL/6J-  pun/un  Atm+,+, 
C57BL/6J-  punAm  Trp53+'+  and  C57BL/6J-  punAm  colonies  described 
in  previously  reported  concurrently  performed  studies  (45,  56)  were 
not  maintained  separately,  and  comparison  of  the  wild-type  retinal 
pigment  epithelia  revealed  no  significant  difference  in  pun  reversion 
frequency  or  pattern  (data  not  shown).  The  Gadd45a  mouse  colony 
was  maintained  separately;  therefore,  an  extensive  analysis  was  per¬ 
formed  to  compare  the  RPE  of  that  colony  with  the  rest  of  the 
wild-type  controls.  Of  all  of  the  analyses  performed,  a  significant 
difference  was  only  found  by  the  relative  positional  distribution  of 
events  (Z  =  2.4;  a  0.015).  Taking  this  minor  difference  into 
account,  we  performed  all  further  analyses  for  the  Gadd45a  colony 
separately  from  the  other  colonies  and  their  wild-type  controls. 

The  reversion  frequency  of  the  pun  locus  was  determined  for  20 
C57BL/6J-punyun  Atm.-*-,  16  C57BL/6J- pun/un  Trp53  /_,  40  C57BL/ 
6J-  pun/un  combined  wild-type  control,  32  C57BL/6J-  /?unAln 
Gadd45a~'~ ,  and  26  C57BL/6J-pun/un  Gadd45a+,+  control  RPE  (see 
Table  1).  One  unexpected  observation  that  came  from  this  analysis 
was  that  2  of  the  16  RPE  obtained  from  C57BL/6J-  pun/un  Trp53 


Table  1  Summary  of  eye-spot  and  pigmented  cell  frequency 


Genotype 

Totals 

Averages 

RPE 

Cells" 

Spots 

Cells"  RPE 

±  SD 

spots  (n) 

±  SD 

Spot  Size* 

±  SD 

Wildtype  control 

40 

610 

242 

16.3 

11.2 

6.1 

3.5 

2.6 

3.1 

Gadd45a  control 

26 

621 

157 

24.1 

25.7 

6.0 

2.8 

4.0 

8.9 

atm  mutant 

20 

425 

188 

21.3 

9.5 

9.4 

3.2 

2.3 

2.5 

trp53  mutant 

16 

1265 

255 

79.1 

145.4 

15.9 

17.4 

5.0 

7.0 

gadd45a  mutant 

32 

1260 

283 

39.4 

150.6 

8.8 

13.8 

4.5 

7.8 

"  Pigmented  cells. 

b  Spot  size  in  number  of  pigmented  cells. 
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Fig.  2.  Comparison  of  the  number  of  eye-spots  found  per  RPE  in  the  each  mutant  genotype  with  their  relevant  control.  A,  a  graphical  representation  of  eye-spot  frequency  per  RPE 
of  atm  and  trp53  mutant  mice  compared  with  the  wild-type  control.  The  majority  of  RPE  obtained  from  the  atm  and  trp53  mutant  mice  have  more  than  nine  eye-spots,  where  the  majority 
of  wild-type  control  RPE  have  fewer  than  seven  eye-spots.  This  difference  is  highly  significant  for  both  genotypes.  B,  a  graphical  representation  of  eye-spot  frequency  per  RPE  of 
gadd45a  mutant  mice  compared  with  the  Gadd45a  control.  There  is  no  significant  difference  in  the  pattern  of  eye-spot  frequency  between  these  genotypes,  although  Gadd45a  control 
RPE  have  six  eye-spots  on  average  whereas  gadd45a  mutant  RPE  have  nine. 


mice  and  1  of  32  RPE  obtained  from  C57BL/6J-  punAln  Gadd45aT 
mice  had  what  appeared  to  be  a  very  early  reversion  events,  possibly 
in  progenitor  RPE  cells,  resulting  in  many  eye-spots.  No  such  event 
has  been  observed  in  the  40  combined  control  RPE  examined  to  date, 
nor  the  26  C57BL/6J-  punAm  Gadd45a+,+ ,  the  additional  20  Aim  '~ 
derived  RPE  reported  here,  or  the  45  RPE  obtained  after  either  X-ray 
or  benzo(fl)pyrene  exposure  previously  reported  (45,  56).  The  fre¬ 
quency  of  such  an  early  event  in  the  Trp53~'-  was  significantly 
different  from  the  combined  control  (G  =  5.199878;  P(C)  £  0.023), 
although  the  frequency  observed  for  the  Gadd45a was  not  signif¬ 
icantly  different  from  the  Gadd45a  control  (G  =  1.203654; 
P(G)  >  0.27).  The  observation  of  these  types  of  event  is  already 
indicative  of  an  increased  level  of  HR  early  in  the  development  of  the 
RPE  in  these  genetic  backgrounds. 

The  average  number  of  reverted  (pigmented)  cells  per  RPE,  eye- 
spots  per  RPE,  and  eye-spot  size  for  all  genotypes  were  determined 
(see  Table  1).  On  average,  all  three  mutant  backgrounds  had  more 
reverted  RPE  cells  and  eye-spots  compared  with  their  controls,  but 
only  trp53  and  gadd45a  mutant  mice  had  an  increased  average  eye- 
spot  size.  Because  the  SD  in  these  analyses  was  similar  to  the  average, 
a  more  correct  method  to  examine  the  distribution  of  reversion  fre¬ 
quency  between  the  control  and  the  mutant  genotypes  was  to  compare 
the  distribution  of  RPE  with  a  particular  number  of  events,  as  shown 
graphically  in  Fig.  2.  Performing  a  rank-sum  analysis  of  these  distri¬ 
butions  demonstrated  a  significant  difference  between  the  pooled 


wild-type  control  and  both  atm  and  trp53  mutant  mice  (see  Fig.  2A; 
atm  mutant  mice:  Z  =  —3.2;  P(z)  £  0.0013;  trp53  mutant  mice: 
Z  =  —3.6;  P(Z)  £  0.0003).  The  difference  between  Gadd45a  wild¬ 
type  and  mutant  mice  was  not  significant  (see  Fig.  2 B;  gadd45a 
mutant  mice:  Z  =  0.9;  P(Z)  £  0.37).  Therefore,  after  examining  the 
overall  frequency  of  spontaneous  HR  events,  it  was  apparent  that  the 
atm  and  trp53  mutant  backgrounds  displayed  a  greatly  increased  level 
of  HR  that  was  not  observed  in  the  gadd45a  mutant  background. 

Examining  the  Frequency  of  Different  Sized  Eye-Spots.  Eye- 
spots  were  categorized  by  size,  that  is,  the  number  of  reverted  cells 
that  constitute  them.  Previous  reports  have  noted  that  the  majority  of 
eye-spots  consisted  of  a  single  pigmented  cell,  with  fewer  two-cell 
eye-spots,  even  fewer  three-cell  eye-spots,  and  so  on  (44,  45,  56).  We 
observed  no  difference  in  these  ratios  for  either  the  atm  mutant  mice 
(Z  =  1.5;  P(z)  £  0.15)  or  the  gadd45a  mutant  mice  (Z  =  —0.2;  _P(Z) 
£  0.85)  and  their  relevant  controls  (see  Fig.  3,  B  and  D,  respectively). 
In  contrast,  trp53  mutant  mice  had  a  significantly  different  eye-spot 
size  distribution  from  both  the  pooled  control  (Z  =  —4.1; 

P(y>  —  4.2  X  10  5)  and  even  more  so  from  the  atm  mutant  mice 
(Z  =  —5.1;  R(z)  £  3.3  X  10~7).  This  size  redistribution  indicates  that 
in  the  trp53  mutant  mice,  more  HR  events  occurred  in  cells  that  were 
likely  to  continue  proliferating  than  was  observed  with  either  Atm- 
deficient  or  control  mice.  It  is  clear,  however,  that  all  three  mutant 
backgrounds  displayed  an  increased  frequency  of  each  sized  eye-spot 
compared  with  their  control  (see  Fig.  3,  A  and  C). 
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C  Frequency  of  different  size  eye-spots  per  RPE  D  Relative  frequency  of  different  size  eye-spots 


Fig.  3.  Frequency  and  relative  frequency  of  different  size  eye-spots  in  the  RPE  of  the  mutant  mouse  genotypes  and  their  relevant  controls.  Eye-spot  size  is  determined  by  the  number 
of  pigmented  cells  in  the  eye-spot.  A,  the  frequency  of  different  size  eye-spots  per  RPE  in  atm  and  trp53  mutant  mice  and  the  wild-type  control.  For  all  sizes  of  eye-spot,  there  is  an 
increased  frequency  per  RPE  for  both  genotypes  over  the  control.  B,  the  relative  frequency  of  each  size  eye-spot  per  RPE  as  a  proportion  of  all  of  the  other  eye-spots  found  in  atm 
and  trp53  mutant  mice  and  the  wild-type  control.  In  both  the  control  wild-type  and  atm  mutant  RPE  >50%  of  the  eye-spots  consisted  of  only  a  single  cell.  Although  trp53  mutant  RPE 
also  displayed  a  majority  of  singlet  eye-spots,  there  were  proportionally  more  larger  eye-spots.  C,  the  frequency  of  different  size  eye-spots  per  RPE  in  gadd45a  mutant  mice  and  the 
Gadd45a  control.  The  gadd45a  mutant  RPE  had  more  of  each  size  eye-spot  per  RPE  than  the  control.  D,  the  relative  frequency  of  each  size  eye-spot  per  RPE  as  a  proportion  of  all 
of  the  other  eye-spots  found  in  gadd45a  mutant  mice  and  the  Gadd45a  control.  The  distribution  of  the  eye-spot  sizes  appeal’  to  be  the  same  between  this  mutant  genotype  and  its  control. 


Examining  the  Positional  Distribution  of  Eye-Spots  in  the  RPE. 

We  examined  the  frequency  of  eye-spots  located  in  different  position 
intervals  for  the  different  mutant  backgrounds  and  their  relevant 
controls  (see  Figs.  4 A  and  5A).  The  data  obtained  are  displayed  either 
as  a  frequency  per  RPE  over  positional  intervals  or  as  a  relative 
frequency  distribution  that  more  clearly  illustrates  the  pattern  of 
recombination  frequency  by  position.  To  determine  whether  there  was 
any  significant  difference  between  the  positional  distributions  of  these 
eye-spots  in  different  genotypes,  rank-sum  analyses  were  performed. 
Because  we  determined  previously  that  the  pattern  of  eye-spots  can  be 
resolved  into  two  populations,  eye-spots  consisting  of  a  single  pig¬ 
mented  cell  (singlets)  and  larger  eye-spots  (56),  with  distinguishable 
distribution  patterns,  larger  eye-spots  generally  lying  more  distal  to 
the  optic  nerve  head  than  the  singlets  (56),  any  positional  analysis 
benefits  from  the  individual  consideration  of  each  type  of  eye-spot 
population.  The  distributions  of  singlet  (see  Figs.  4 B  and  5B)  and 
larger  eye-spots  (see  Figs.  4C  and  5C)  are  also  given. 

The  atm  mutant  mice  had  an  ~30%  increase  in  the  frequency  of 
events  compared  with  the  wild-type  control  for  each  position  exam¬ 


ined  (see  Fig.  4 A).  The  greatest  increase  in  frequency  of  events  was 
found  in  the  singlet  eye-spot  class,  as  compared  with  the  control 
(compare  eye-spot  frequency  for  atm  mutant  mice  in  Fig.  4,  C  and  E). 
The  most  interesting  aspect  of  these  results,  however,  is  that  the 
overall  distribution  of  these  HR  events  was  the  same  as  the  distribu¬ 
tion  found  in  the  wild-type  control  (Fig.  4 B;  Z  =  0.4;  P(Z)  >  0.66). 
The  same  was  found  to  be  true  with  both  the  singlet  (Fig.  4,  C  and  D; 
Z  =  —0.2;  P{z)  >  0.86)  and  larger  (Fig.  4,  E  and  F\  Z  =  0.7; 
P(z)  >  0.48)  eye-spot  populations.  These  results  suggest  that  although 
there  is  an  increased  amount  of  HR  in  the  atm  mutant  mouse,  the 
timing  and  types  of  event  is  directly  comparable  with  the  pattern 
observed  for  wild-type  mice. 

The  trp53  mutant  mice  had  an  increased  frequency  of  events  at  all 
positions  compared  with  the  wild-type  control,  irrespective  of  whether 
examining  all  eye-spots,  the  singlets  or  the  larger  eye-spots  (see 
Fig.  4,  A,  C,  and  E,  respectively).  The  largest  increase  in  events  was 
observed  in  the  optical  nerve  head  proximal  region,  leading  to  a 
significant  redistribution  in  the  relative  positional  pattern  of  HR 
events  (all  eye-spots,  Fig.  4 B:  Z  =  6.0,  P(Z)  >  2.4  X  10~9;  singlets, 
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Fig.  4.  An  examination  of  the  frequency  of  eye-spots  in  different  regions  of  the  RPE  of  atm  and  trp53  mutant  mice  compared  with  the  wild-type  mice.  Results  are  presented  as  either 
the  absolute  frequency  per  RPE  (A,  C,  and  E )  or  as  a  relative  positional  distribution  (B,  D,  and  F).  A  position  of  0.0  is  equivalent  to  the  optic  nerve  head,  whereas  a  position  of  1.0 
is  at  the  edge  of  the  RPE.  Examination  was  conducted  on  all  sized  eye-spots  combined  (A  and  B ),  singlet  eye-spots  (C  and  D ),  or  only  the  larger  eye-spots  ( E  and  F).  Examination 
of  the  absolute  frequency  of  events  for  the  20  atm  mutant  and  18  of  the  wild-type  RPE  (A,  C,  and  E)  demonstrates  that  the  frequency  of  eye-spots  of  all  classes  increase  from  the  optic 
nerve  to  the  periphery  of  the  RPE.  This  is  represented  in  the  positional  distributions  ( B ,  D,  and  F)  by  the  increasing  proportion  of  events  from  0%  at  positions  0.0-0. 1  to  25%  at  positions 
0.9 -1.0,  the  edge  of  the  RPE.  The  eye-spot  distribution  in  the  RPE  derived  from  the  16  trp53  mutant  mice  do  not  display  this  gradient  effect,  with  the  most  obvious  difference  seen 
with  the  larger  eye-spots  ( E  and  F). 


Fig.  4 D:  Z  =  3.1,  P(z)  ^  0.0017;  larger  eye-spots,  Fig.  4 F:  Z  =  5.4, 
P(Z)  —  7.6  X  10  8),  most  dramatically  in  the  larger  eye-spot  popu¬ 
lation.  The  distributions  of  eye-spots  in  the  atm  and  trp53  mutant  mice 
were  also  compared  and  gave  similar  results,  demonstrating  a  signif¬ 
icant  difference  in  the  pattern  of  events  for  these  two  genotypes  (all 
eye-spots,  Fig.  46:  Z  =  5.9,  6(z)  a  4.8  X  10~9;  singlets,  Fig.  4D: 
Z  =  3.5,  6(z)  £  0.00050;  larger  eye-spots.  Fig.  4 F:  Z  =  4.9, 
P(Z)  £  8.8  X  10~7). 

The  positional  distribution  of  events  in  the  gadd45a  mutant  was 
compared  with  the  Gadd45a  control.  An  overall  increased  frequency 


of  events  was  observed  for  most  positions  (Fig.  5A),  although  this 
increase  seemed  to  be  mostly  attributable  to  the  increase  in  larger 
eye-spots  (compare  Fig.  5,  C  and  E).  Similar  to  the  results  with  the 
trp53  mutant  mice,  the  greatest  increase  in  events  were  found  proxi¬ 
mal  to  the  optic  nerve  head,  although  a  significant  difference  was  only 
found  for  the  total  events  and  more  so  for  the  larger  eye-spots 
compared  with  the  control  distribution  (all  eye-spots.  Fig.  56: 
Z  =  2.8,  6(z)  a  0.0052;  singlets,  Fig.  5 D:  Z  =  0.7,  6(z)  £  0.47;  larger 
eye-spots,  Fig.  5 F:  Z  =  3.2,  P(Z)  £  0.0016). 

An  alternative  method  to  examining  the  overall  frequency  dis- 
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Fig.  5.  An  examination  of  the  frequency  of  eye-spots  in  different  regions  of  the  RPE  of  gadd45a  mutant  mice  compared  with  the  Gadd45a  control  mice.  Results  are  presented  as 
either  the  absolute  frequency  per  RPE  (A,  C,  and  E)  or  as  a  relative  positional  distribution  (B,  D,  and  F).  A  position  of  0.0  is  equivalent  to  the  optic  nerve  head,  whereas  a  position 
of  1.0  is  at  the  edge  of  the  RPE.  Examination  was  conducted  on  all  sized  eye-spots  combined  (A  and  B ),  singlet  eye-spots  (C  and  D)  or  only  the  larger  eye-spots  ( E  and  F).  The 
distribution  of  eye-spots  in  the  32  gadd45a  mutant  RPE  examined  is  significantly  different  from  the  eye-spot  distribution  of  the  26  control  RPE.  The  most  significant  difference  between 
gadd45a  mutant  and  the  control  eye-spot  distribution  can  be  observed  for  the  larger  eye-spots  (E  and  F),  with  an  increased  proportion  of  eye-spots  located  proximal  to  the  optic  nerve 
in  the  mutant  background. 


tribution  of  eye-spots  is  to  compare  the  frequency  of  events  within 
a  defined  region  versus  the  frequency  of  events  outside  of  that 
region.  Previously,  we  have  used  this  method  to  identify  specific 
regions  into  which  there  has  been  a  redistribution  of  recombination 
events  compared  with  control  (56).  The  results  of  these  analyses 
are  given  in  Table  2  and  correlate  very  well  with  the  rank-sum 
analyses  performed  on  the  overall  eye-spot  distribution  patterns 
(compare  Table  2  regions  with  Fig.  4,  B,  D ,  and  F,  and  Fig.  5,  B, 
D,  and  F).  Comparison  between  the  atm  mutant  mice  and  the 
wild-type  control  revealed  no  region  of  significant  difference  and 
was,  therefore,  not  included.  Trp53  mutant  mice  demonstrated 
regions  of  significant  increase  and  a  corresponding  region  of 


decrease,  compared  with  the  pooled  wild-type  control  for  every 
class  of  eye-spot.  Gadd45a  mutant  mice  demonstrated  a  very 
similar  pattern  to  the  trp53  mutant  mice  with  the  exception  that  no 
region  of  significantly  increased  singlet  eye-spots  was  identified, 
only  a  region  of  decrease  distal  to  the  optic  nerve  head.  These 
results  strongly  suggest  that  the  profile  of  events  found  in  the  trp53 
and  gadd45a  mutant  backgrounds  are  very  similar,  and  yet  both  are 
very  different  from  the  profiles  observed  for  the  atm  mutant  mice. 
In  addition,  examining  either  the  total  population  distribution  or 
limiting  the  analysis  to  specific  regions  demonstrates  that  the 
greatest  effect  of  trp53  and  gadd45a  mutations  is  an  increased 
frequency  of  larger  eye-spots.  Region  analysis  locates  these  events 
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Table  2  Comparing  the  frequencies  of  eye-spots  of  different  classes  in  specific  regions  between  mutant  and  control  genotypes 


Mutant  frequency 

Control  frequency 

Statistics 

Mutation 

Region" 

In* 

Rest6 

Total'' 

Percentage  in* 

In 

Rest 

Total 

Percentage  in 

G 

P 

All  eye-spots 

trp53  mutant 

0.7-1. 0 

91 

164 

255 

36% 

87 

48 

135 

64% 

29.7 

5.16  X  10  5 

trp53  mutant 

0.0-0.4 

84 

171 

255 

33% 

11 

124 

135 

8% 

33.6 

6.83  X  10~9 

gadd45a  mutant 

0.7-0.8 

30 

253 

283 

11% 

35 

122 

157 

22% 

10.5 

1.17  X  10~3 

gadd45a  mutant 

0.0-0. 3 

46 

237 

283 

16% 

7 

150 

157 

4% 

15.2 

9.49  X  10~5 

Singlet  eye-spots 

trp53  mutant 

0.7-1. 0 

34 

62 

96 

35% 

38 

31 

69 

55% 

6.3 

1.20  X  10  z 

trp53  mutant 

0.0-0. 3 

23 

73 

96 

24% 

3 

66 

69 

4% 

13.4 

2.57  X  10~4 

gadd45a  mutant 

0.7-0.8 

14 

114 

128 

11% 

16 

52 

68 

24% 

5.2 

2.26  X  10~2 

>  1-cell  eye-spots 

trp53  mutant 

0.7-1. 0 

57 

102 

159 

36% 

49 

17 

66 

74% 

28.3 

1.01  X  10  ' 

trp53  mutant 

0.0-0.5 

67 

92 

159 

42% 

6 

60 

66 

9% 

26.9 

2.15  X  10-7 

gadd45a  mutant 

0.7-1. 0 

61 

94 

155 

39% 

51 

38 

89 

57% 

7.3 

6.73  X  10~3 

gadd45a  mutant 

0.0-0.4 

43 

112 

155 

28% 

5 

84 

89 

6% 

20.4 

6.28  X  10~6 

a  Region  of  RPE  selected  for  comparison. 
b  Number  of  eye-spots  in  region  selected. 
c’  Number  of  eye-spots  not  in  selected  region. 
d  Total  number  of  eye-spots. 


proximal  to  the  optic  nerve  head.  Together,  these  observations 
suggest  that  there  is  an  increased  frequency  of  HR  events  initiated 
early  during  development  in  the  trp53  and  gadd45ci  mutant  mice, 
where  the  atm  mutant  mice  have  an  increased  frequency  of  events 
later  in  development  in  a  pattern  that  recapitulates  the  pattern 
observed  for  wild-type  mice. 

DISCUSSION 

The  goal  of  this  study  was  to  examine  the  roles  of  Atm,  p53,  and 
Gadd45a  in  controlling  the  frequency  of  HR  in  vivo.  Using  a  similar 
in  vivo  system  (the  pu"  fur-spot  assay),  we  previously  reported  that 
atm  mutant  mice  have  an  increased  frequency  of  HR  and  suggested 
that  this  increase  came  later  during  development  (34).  The  increased 
level  of  recombination  may  not  have  been  surprising,  considering  that 
cells  from  AT  patients  display  a  higher  than  normal  frequency  of 
genomic  instability,  but  the  timing  aspect  was  unexpected.  In  addition, 
we  also  reported  previously  the  spontaneous  effect  of  trp53  deficiency 
on  the  p""  fur-spot  assay  (49).  In  that  study,  we  had  the  surprising 
finding  that  there  was  no  observable  increase  in  spontaneous  HR 
frequency.  Since  that  time,  we  developed  and  characterized  the  p“" 
eye-spot  assay  (45).  With  this  assay,  we  defined  a  relationship  be¬ 
tween  the  regions  in  the  adult  mouse  RPE  where  an  increased  level  of 
HR  occurred  at  the  time  of  exposure  to  an  HR-inducing  agent  during 
development  and  the  region  of  proliferation  of  the  RPE  at  that  time  of 
development  (56).  Thus,  the  pun  eye-spot  assay  provides  both  a  more 
sensitive  assay  to  determine  the  frequency  of  HR  events  in  vivo  and 
the  ability  to  understand  the  timing  of  such  events  during  develop¬ 
ment.  With  these  tools,  we  have  reexamined  the  roles  of  Atm  and  p53 
in  controlling  the  level  of  spontaneous  HR  during  the  development  of 
the  mouse  embryo.  In  addition,  we  have  included  the  gadd45a  mutant 
mouse. 

The  study  presented  here  clearly  demonstrates  that  atm  and  trp53 
mutant  mice  have  an  increased  frequency  of  spontaneous  HR  events 
compared  with  control  mice.  In  addition,  we  have  observed  that  the 
gadd45a  mutant  mice  also  have  an  increased  frequency  of  HR,  al¬ 
though  only  observable  at  a  significant  level  by  the  positional  distri¬ 
bution  of  events  in  the  RPE.  The  striking  result  is  that  the  profile  of 
events  in  the  atm  mutant  background  is  clearly  different  from  the 
profile  observed  in  the  trp53  and  gadd45a  mutant  backgrounds,  which 
are  very  similar  to  each  other.  In  particular,  the  major  spontaneous 
effect  of  the  trp53  and  gadd45  mutant  backgrounds  appears  to  be 
early  in  development,  whereas  the  atm  mutant  background  seems  to 


affect  spontaneous  HR  at  later  times  of  development,  increasing  at  the 
same  rate  as  wild-type  spontaneous  events. 

The  RPE  of  the  mouse  is  a  monolayer  of  pigmented  cells  derived 
from  the  neural  epithelium.  The  development  of  this  tissue  in  the 
mouse  follows  a  well-defined  pattern.  RPE  precursors  enter  the  em¬ 
bryonic  eyecup  around  the  optic  nerve  head  at  about  8.5  dpc  (60);  the 
RPE  then  develops  radially  away  from  the  optic  nerve,  with  an  outer 
edge-biased  pattern  of  proliferation  (55).  In  a  previous  study,  we 
examined  with  the  pun  eye-spot  assay  the  effect  of  exposure  to 
recombination-inducing  agents  at  different  times  during  development 
(56).  We  demonstrated  that  because  of  the  well-defined  developmen¬ 
tal  pattern  of  the  RPE  (55),  we  were  able  to  define  the  time  at  which 
a  recombination  event  occurred  by  its  position  within  the  RPE  (56). 
The  earliest  exposure  was  at  8.5  dpc  and  resulted  in  a  significant 
increase  in  events  in  almost  the  exact  same  position  as  observed  here 
for  the  trp53  and  gadd45a  mutant  mice,  if  not  slightly  more  distal 
from  the  optic  nerve  head.  These  results  would  suggest  that  the  both 
trp53  and  gadd45a  are  playing  a  role  in  maintaining  genomic  stability 
early  during  development,  before  8  dpc. 

In  our  previous  report  on  the  effect  of  trp53  on  spontaneous  HR 
frequency  using  the  p“"  fur-spot  assay,  we  observed  no  difference  in 
the  frequency  of  events  compared  with  wild-type  control  (49).  In  our 
efforts  over  the  last  decade  to  characterize  the  pun  fur-spot  assay  for 
the  most  responsive  time  during  development  to  conduct  an  exposure 
to  a  DNA-damaging  agent  to  demonstrate  induction  of  HR,  we  found 
that  exposure  on  10.5  dpc  had  the  best  result.  Exposure  at  8.5  dpc 
resulted  in  little  induction,  presumably  because  of  the  low  number  of 
target  melanoblasts,  whereas  exposure  at  12.5  dpc  resulted  in  fur- 
spots  that  were  extremely  difficult  to  detect,  probably  because  of  the 
number  of  cell  divisions  left  was  too  limited  to  make  an  easily 
recognizable  pigmented  spot  (data  not  shown).  This  would  suggest 
that  the  p""  fur-spot  assay  would  be  insensitive  to  genomic  instability 
at  or  before  8.5  dpc.  Because  we  suggest  that  the  time  before  8  dpc  is 
when  an  increased  level  of  HR  is  seen  in  the  trp53  mutant  mice,  our 
previous  study  would  have  missed  that  effect. 

There  have  been  three  reports  in  the  literature  on  the  spontaneous 
activity  of  p53  during  mouse  embryonic  development  (61-63),  that  is, 
the  p53  dependent  transcriptional  activation  of  its  downstream  effec¬ 
tor  p21.  All  three  studies  reported  that  p53  is  spontaneously  active  in 
the  embryo  up  to  approximately  8  dpc,  when,  depending  on  the  tissue 
and  level  of  differentiation,  the  spontaneous  activity  ceases.  The  lack 
of  spontaneous  activity  later  in  development  does  not  preclude  the 
inducibility  of  p53  after  exposure  to  DNA-damaging  agents.  These 
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reports  have  been  substantiated  by  the  early  embryonic  lethality  of 
Mdm2-deficient  mice  and  their  rescue  by  a  p53-null  genetic  back¬ 
ground  (64,  65),  suggesting  that  p53  is  highly  active  over  this  period 
and  must  be  negatively  regulated.  In  addition,  the  hypersensitivity  of 
embryos  to  ionizing  radiation  over  this  same  period  (66,  67),  before  8 
dpc,  also  suggests  an  already  potentiated  damage  response  system  that 
is  easily  triggered  to  promote  an  apoptotic  response. 

The  timing  of  the  increased  HR  frequency  in  the  absence  of  p53 
that  we  report  here  correlates  surprisingly  well  with  the  spontaneous 
activity  of  p53  during  embryonic  development.  The  majority  of  events 
in  the  trp53  and  gadd45a  mutant  backgrounds  appear  to  occur  early, 
which,  as  a  consequence,  results  in  not  only  an  increased  number  of 
events,  but  also  an  increase  in  larger  eye-spots  compared  with  sin¬ 
glets.  These  observations  suggest  a  role  for  p53  and  Gadd45a  in 
maintaining  genomic  stability  early  in  the  developing  embryo,  similar 
to  that  seen  in  proliferating  tissue  culture  studies  (50-54).  In  addition, 
the  results  presented  here  strongly  suggest  that  p53  and  Gadd45a  are 
acting  in  a  similar  fashion  to  control  spontaneous  HR,  perhaps  acting 
epistatically,  as  has  already  been  established  by  the  transcriptional 
regulation  of  Gadd45a  by  p53  in  response  to  exogenous  exposure  to 
DNA-damaging  agents  (2).  Considering  that  nucleotide  excision  re¬ 
pair  is  compromised  in  the  p53  and  Gadd45a-deficient  backgrounds 
(28),  it  is  possible  that  the  HR  machinery,  in  the  absence  of  p53  or 
Gadd45a,  has  more  opportunity  to  act  on  lesions  that  are  normally 
repaired  by  nucleotide-excision  repair.  The  result  would  be  the  ob¬ 
served  increase  in  HR  frequency  in  these  mutant  backgrounds.  When 
p53  or  Gadd45a  are  not  spontaneously  active,  we  would  not  expect  to 
see  a  substantial  increase  in  HR  frequency  above  the  background, 
correspondingly,  the  fold  increase  of  HR  over  control  is  less  later  in 
development  as  determined  by  the  eye-spot  assay. 

The  results  from  the  atm  mutant  mice  directly  correlates  with  our 
previous  findings  with  the  p""  fur-spot  assay,  an  increased  frequency 
of  spontaneous  recombination  that  increases  more  in  later  embryonic 
development.  In  addition,  the  majority  of  events,  leading  to  greatest 
increase,  were  observed  in  the  singlet  eye-spots,  unlike  the  observed 
profile  of  the  trp53  and  gadd45  mutant  mice,  where  the  greatest 
increase  was  in  the  frequency  of  larger  eye-spots.  This  suggests  that 
the  role  of  Atm  is  very  different  from  p53  in  regulating  spontaneous 
HR  during  development. 

In  the  last  few  years,  it  has  been  demonstrated  that  Atm  is  involved 
in  adult  neurogenesis  (68).  To  address  the  possibility  that  the  observed 
HR  patterning  was  attributable  to  a  defect  in  RPE  proliferation  or 
development  we  examined  the  proliferation  of  RPE  cells  in  12.5  dpc 
embryos  by  BrdUrd  incorporation  (data  not  shown).  Although  mark¬ 
edly  smaller  and,  in  fact,  1-day  developmentally  delayed,  determined 
by  the  lack  of  postmitotic  ganglion  cells,  the  RPE  of  atm  mutant  mice 
displayed  no  gross  abnormality  or  any  mispatteming  of  proliferation. 
We  would,  therefore,  suggest  that  Atm  does  not  have  a  tissue-specific 
role  in  RPE  differentiation  or  development  and  is  unlikely  to  be 
affecting  the  HR  pattern  in  the  RPE  by  perturbing  its  genesis. 

In  summary,  we  have  demonstrated  that  p53  and  Gadd45a  play  a 
role  in  suppressing  HR  during  in  vivo  development  similar  to  reports 
from  tissue-culture  studies.  Unlike  the  tissue-culture  studies,  we  have 
seen,  both  directly  in  this  study  and  indirectly  in  our  previous  study 
(49),  that  this  effect  does  not  play  a  role  later  during  the  development 
of  the  embryo  in  either  a  neural  epithelial  or  a  neural  crest  derived 
tissue.  This  points  to  the  necessity  of  relating  tissue-culture  studies  on 
genomic  stability  with  an  in  vivo  model.  In  addition,  this  study  also 
raises  the  question  of  the  function  of  p53  and  Gadd45a  later  in  embryo 
development  and  how  this  function  changes.  Finally,  we  clearly 
demonstrate  that  Atm  is  functioning  very  differently  from  p53  and 
Gadd45a  in  suppressing  HR,  acting  later  in  development.  This  syn¬ 
ergy  is  supported  by  the  increased  prenatal  death,  severe  runting,  and 


increased  rate  of  lymphoma  reported  in  the  generation  of  atm  trp53 
double-mutant  mice  (69).  Both  Atm  and  p53  act  as  guardians  for 
genomic  stability,  yet  the  differences  in  their  time  of  action  may  offer 
some  explanation  as  to  the  timing  of  carcinogenesis  in  these  mouse 
models,  with  Atm-deficient  mice  suffering  a  more  rapid  rate  of 
lymphoma  onset  (32,  33,  70)  than  p53-deficient  mice  (71,  72).  If  the 
level  of  HR  stays  abnormally  high  level  in  Atm-deficient  mice,  there 
is  a  great  likelihood  that  HR  events  might  directly  cause  oncogenic 
mutations  or  might  more  rapidly  result  in  exposure  of  mutations  in 
tumor  suppressors.  In  p53-deficient  mice,  if  the  initial  high  burst  of 
HR  during  development  does  not  have  a  deleterious  effect,  the  ab¬ 
sence  of  p53  may  have  an  effect  later  in  the  life  when  a  cell  is 
presented  with  a  genomic  insult  and,  in  the  absence  of  p53,  will  not  be 
able  to  suppress  an  inappropriate  HR  event. 
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